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ABSTRACT

An abstract of the thesis of Conrado Salas Cano for the Master of Science in
Physics presented July 8, 2002.

Title: Comparison of Heat Output and Microchemical Changes of Palladium
Cathodes under Electrolysis in Acidified Light and Heavy Water.

Two experiments have been conducted to ascertain if a cell with a palladium
cathode, a platinum anode, and a solution of H2SO4 in D2O can produce excess heat
under electrolysis compared to a similar cell with H2O. In each experiment, two
cells were connected in series with constant current. The two cells were identical
except for the fact that the heavy water cell used D2O instead of H2O in the
electrolyte. Both cells in each experiment employed Pd cathodes, Pt anodes, and
H2SO4 in the solution.
On a piece of Pd foil that had been cold-rolled and cleaned like the cathodes but
had not been electrolyzed, scanning electron microscopy (SEM) and energy
dispersive spectrometry (EDS) failed to find any traces of unexpected elements.

In the first experiment the indication was that the light water cell was slightly
warmer despite receiving slightly less power. Small amounts of silver were found
on both cathodes after electrolysis.
In the second experiment, the D2O cell produced an excess heat relative to the H2O
cell that was too large by at least an order of magnitude to be explainable by
chemical reactions or mechanical artifacts.
After electrolysis, it was found that Cd was present on the surface of the H2O
cathode at levels of concentration that were variable but generally no less than 4%
relative to Pd (above 3σ). The H2O cathode of this second experiment finished
electrolysis very straight.
The D2O cell cathode finished severely arched (~30o), with its convex side facing
the anode, and covered in a deposit of powdery black substance which was most
likely PdS formed accidentally on the first day of this experiment when the D2O
cell had been run with the wrong polarity. On this D2O cell cathode, no statistically
significant traces of Cd were detected but Ag was present in 2-5% concentration
relative to Pd. In some spots, the Ag abundance surpassed 20% that of Pd. The
most likely explanation is neutron-induced nuclear transmutation of some of the Pd
nuclides with direct release of heat into the solid-state lattice.
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INTRODUCTION:

Historical Overview:
The field of solid state and plasma-discharge-induced nuclear reactions has made
substantial advances over the past few years.
In March of 1989, Fleischmann and Pons announced that copious amounts of
excess energy had been produced in their University of Utah lab by electrolyzing
palladium in a D2O+LiOD electrolyte. Their announced effect was not reproduced
with success, and quickly fell in considerable disrepute (Peat, 1989; Rothman,
1990; Close, 1991; Taubes, 1993; Huizenga, 1994), which was aggravated by
Fleischmann and Pons’ claim that the excess energy in their electrochemical cells
had been generated by d-d nuclear fusion taking place in the palladium cathode
(Fleischmann and Pons, 1989).
In the attempt to reproduce the Fleischmann and Pons effect, however, many
scientists made remarkable new discoveries. In many cases, neutron bursts,
anomalous energy production, helium-3, helium-4, gamma ray counts, charged
particle emission and elemental transmutation have been reported (Storms, 1991;
Beaudette, 2000).
The methods that have proved useful to produce excess energy include:
1

•Electrolysis of D2O-based electrolytes using a Pd cathode, performed
between room temperature and 100 oC (Storms, 1991).
Hugo (1994) has reported over 12 W/cm2 and a peak excess power
of 23 W with a Pd cylinder charged equally from two sides.
Lewis and Sköld (1990), using fluid-flow and temperature change
methods, have observed 1 W/cm2 (total excess energy of 105 J, 105
J/ cm2), and power bursts up to 2 W.
McKubre et al. (1994), employing sealed and pressurized cells, and
working with several sample and calorimeter designs, have detected
up to 106 J excess energy and a peak excess power of 3 W.
Gozzi et al. (1990, 1991), employing a dual calibration method and
inert cathodes as blanks, have reported 1.8 · 106 J excess energy
(over 1.7 · 106 J/ cm2 and 1.2 W/cm2), with peak excess power of
12.8 W.
Ota et al. (1994), with a Pd0.9Ag0.1 alloy, have reported 3.6 ·106 J of
excess energy (over 2.3 · 106 J/ cm2 and 1.2 W/cm2) and 7.2 W/ cm2
of excess power.

•Electrolysis of H2O-based electrolyte employing a Ni cathode, performed
between room temperature and 100 oC (Mills and Kneizys, 1991; Mills et
2

al., 1992). Subsequent reports seem to corroborate the validity of this
method (Mills et al., 1994).
The Patterson claim of energy generation in a specially designed cell
containing small plastic nickel-coated beads and a H2O-Li2SO4 electrolyte
has been strongly contested, though the Patterson device has been
demonstrated at several international conferences (Storms, 1991). Evidence
of transmutation of potassium to calcium has been reported (Bush and
Eagleton, 1993; Notoya and Enyo, 1993; Notoya, 1995). Indications of
conversion of rubidium to strontium by the same process have also been
noted (Bush and Eagleton, 1994).
Excess energy is also observed with Cs2SO4 in the electrolyte (Bush and
Eagleton, 1994). Tritium (Ramamurthy et al., 1994; Notoya and Enyo,
1993) at low levels and other radioactive isotopes (Bush and Eagleton,
1994) have also been detected.
Unlike the Pd-D2O system, which has a long and variable incubation period,
the Ni-H2O system seems to begin heat generation within one hour of the
start of electrolysis. Alkali metal carbonates or hydroxides, as well as
Li2SO4, seem to be successful in Ni-H2O systems, whereas only LiOD and
Li2SO4 seem to work in Pd-D2O systems (Storms, 1991).
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•Electrolysis of KCl-LiCl dissolved in D2O electrolytes with a Pd cathode at
450 oC (Liaw et al., 1990). Excess energy 15 times the applied electrolytic
power has been reported. Helium was seemingly detected in the cathode,
though not in amounts correlated with all the energy that was claimed.

•Acoustic implantation of deuterium into palladium bathed in D2O
(Stringham and George, 1993). Significant excess energy (10-100 W) and
helium generation (up to 550 ppm) are reported. The 3He/4He ratio is
observed to rise 103 times above background. Excess heat is not observed in
Pd-H2O or stainless steel-D2O combinations. No neutron or gamma
emissions have been detected though investigation is ongoing.

•The passing of a small current (40 µA) through a ceramic proton conductor
like Sr(Ce,Y,Nb)O3 bathed in D2 gas and heated at 400-500 oC (Mizuno et
al., 1994). Energy is generated during the deuterium absorption and
desorption cycles as the polarity of the applied voltage (18 V) is reversed
back and forth. No significant excess heat has been observed when H2 is
used or when Al2O3-SiO2 is treated in the same way with D2. Nuclear
byproducts have not been detected. Chemical explanations are limited since
the ceramic is not reactive with hydrogen.

•Gas discharge of hydrogen with Pd electrodes (Dufour, 1994). The method
of Dufour consists of bombarding Pd electrodes with ions generated in an
4

ozoniser. The apparatus creates a discharge in the space between the two Pd
electrodes, which is filled with H2 gas and which contains several Pyrex
barriers. A mean excess energy of 2.1±0.5 W (66% of the input power) is
reported.

•Gas discharge of deuterium with Pd electrodes (above 500 oC) (Karabut et
al., 1992). Karabut et al. report excess energy production (five times the
input power) using a DC discharge (100-500 V, 10-100 mA) between a
palladium cathode and a molybdenum anode. The

90

Zr/91Zr ratio changed

seemingly by a factor of 20 and the overall zirconium content rose from less
than 0.05 ppm to 1200 ppm. The changes seemed to be localized very near
the bombarded surface.

•Placing of a specially treated nickel rod in hydrogen at 400 oC (Focard et
al., 1994). No neutrons or gamma rays were initially reported above
background, though subsequent studies revealed the presence of these
emissions. Attempts to reproduce this work have failed as the details of the
treatment have not been disclosed.

•Reaction of finely divided palladium (palladium-black) in a palladium tube
with deuterium gas pressurized to 10 atmospheres (Arata and Zhang, 1994).
A special treatment of the palladium-black seems to be required to rid it of

5

surface impurities, and the effectiveness of this method is still being called
into question.

Previous experiments at PSU:
Before the Fleischmann and Pons announcement, Cousins at Portland State
University (1982) had investigated the application of magnetic fields to
electrolyzing systems with water and H2SO4 in the electrolyte, observing some
thermal gradient in the direction of the Lorentz force.
When the Fleischmann and Pons announcement was made in 1989, there was at the
Portland State University Physics department a sudden stimulus to look at the
possibility of obtaining excess energy and perhaps nuclear byproducts from
electrolytic cells. Since there was no LiOD available at the time at Portland State
University, H2SO4-water cells similar to those that had been employed earlier by
Cousins would be used.
Keefe (1990) was then assigned to conduct two experiments to look for signs of
nuclear reactions in Pd/ H2SO4+water/Pt cells.
For Keefe’s first experiment, Donald Howard of the Physics department at Portland
State University lent some palladium. It was only a small amount, and so to
6

fabricate the cathodes it was cold-rolled to only 0.03 mm thickness. The thus
constructed cathode sheets measured 5 mm x 3 cm. One cathode was placed in the
light water cell (H2O+H2SO4), and the other in the heavy water cell (D2O+H2SO4).
Platinum wire was spotwelded to the back side of each cathode. The anodes were
prepared from cold-rolled platinum sheets 0.03 mm and 2 cm square, with another
Pt wire spotwelded to the sheets. Both cells were placed in series. Indications of
excess heat from the heavy water cell relative to the light water cell did arrive
towards the end of this first electrolysis experiment by Keefe, which went on for
over 45 hours, and was mostly conducted under a constant current of 0.75 A. The
cathode sheets bent around too much, however, due to their thinness, and so for
Keefe’s second experiment new palladium would be purchased which would be
cold-rolled only to ~0.3 mm thickness.
For his second experiment, Keefe’s palladium was then cold-rolled from its lot’s
original thickness of 0.5 mm to 0.35 mm prior to being cut into 2.5 mm x 4 cm
cathodes. Both of his cells employed again platinum foil anodes. Platinum wires
were spotwelded to both cathodes and anodes. About 1 cm2 of the Pd cathodes
were kept submerged in the electrolyte. The light water cell again had H2O+H2SO4
in the electrolyte and the heavy water cell again had H2O+H2SO4. Both cells were
identical in every other respect and were again placed in series to receive equal
current, something which would become standardized practice at the Portland State
University physics lab. The applied constant current was 0.5 A for the first 48
hours of electrolysis and 0.75 A for the remaining 120 hours.
7

Increased tritium decays were measured in the heavy water electrolyte of Keefe’s
first experiment after electrolysis, but in Keefe’s second experiment the tritium
counts in the after-electrolysis heavy water electrolyte were basically the same as in
the before-electrolysis heavy water electrolyte, and no definitive conclusions could
be drawn. Checks for gamma radiation were also inconclusive.
Elizabeth Newlon Nicholas (1992) prolonged Keefe’s second experiment for many
more hours, finding that the excess heat of the heavy water cell relative to the light
water cell was maintained and even increased.
Noble (1994) found later gold on ~50 µm-sized plateaus that had appeared on both
of Keefe’s second experiment cathodes after Nicholas finished the extra runs. The
plateaus had risen on the lower tips of the cathodes on the sides that had been
facing the anodes.
The decision was adopted to continue at Portland State University research on this
type of Pd/D2O+H2SO4/Pt versus Pd/H2O+H2SO4/Pt electrolytic systems, using for
the cathodes Pd slightly cold-rolled from the manufacturer’s lot. In addition to their
promise as manifested in Keefe’s, Nicholas’ and Noble’s work, the choice of an
acidic electrolyte offered over the traditional, basic, LiOD-based electrolytes the
advantage that the electrolyte did not leach the glass.
Subsequent work at Portland State University has indicated that a mixed acidic
solution of H2O and D2O might even work better than D2O alone. This is also
hinted in recent experiments by Mizuno et al. (2001), which have detected
8

significant neutron bursts after performing electrolysis of Pd cathodes in heavy
water and then transferring the cathodes to light water cells. The neutron bursts
took place with the Pd cathodes already in light water, either immediately after
electrolysis was commenced in this new medium or when the voltage was raised. In
the heavy water preliminary phase of electrolysis, 0.2 M of K2CO3 was dissolved.
Both in the light and in the heavy water phases, the anode was a platinum mesh that
surrounded the cathode. The Pd cathode was a wire 1 mm in diameter and 3 cm in
length. The light water cell was made of Pyrex glass, with a diameter of 10 cm and
a height of 20 cm, and had a silicon rubber lid. In the light water phase the voltage
was 40 V and the current reached a maximum of 8 A. Neutron bursts were detected
in 7 out of 10 experiments.
Parallel work at Portland State University has also employed titanium cathodes in
D2O+H2SO4/H2O+H2SO4 type cells, with successful, if not always fully
reproducible, results (Warner, 1998, 2001). Excess heat was initially observed in
the 0.1-0.2 W range, at levels that were significant but not above 3σ (Warner,
1998).
In his first experiment, Warner’s control cell started with 18 grams of H2O and 1
gram of H2SO4. His experimental cell started with 14.3 grams of D2O and 1 gram
of H2SO4. His titanium cathodes measured 1 mm x 0.13 mm x 1 cm. The anodes
were made of platinum. Both cells received a constant current of 0.20 A. The
average excess heat for the 30 valid minutes of steady-state in that first experiment
9

was 0.13±0.08 W. In his second experiment, the experimental cell started with 14.3
grams of D2O and 1 gram of H2SO; his control cell started with 17.6 grams of H2O
and 1 gram of H2SO4. The current through both cells was initially held at 0.20 A,
then raised to 0.30 A, to 0.40 A, and finally lowered to 0.25 A. In this second
experiment, the experimental cell employed a titanium cathode (2 mm x 0.13 mm x
1.06 cm) while the control cell used a platinum cathode (1.5 mm x 0.04 mm x 1
cm). The anodes were also of Pt. No excess heat was found and in fact the
indication was that the platinum cathodes had been generating more heat than the
titanium cathodes. After these two experiments, Energy Dispersive Spectrometry
(EDS) found no new elements on the cathodes that could not be attributable to
contamination. Subsequent experiments with pairs of Ti/D2O+H2SO4/Pt cells that
differed only slightly in the width of the cathodes and a reference control
Ti/H2O+H2SO4/Pt cell all showed excess heat in the 0.1-0.2 W range, in two cases
above 3σ. Subsequent EDS analysis clearly indicated that new elements (K, Ca, V,
Cr, Fe, Ni) could have been produced on the titanium cathodes during the
electrolysis, as background checks and repeated analysis after ultrasonically rinsing
the cathodes eliminated the possibility that the presence of these elements was due
to contamination.
In subsequent and much more extensive work, Warner (2001) found excess heat
above 0.1 W and 5σ in over one third of 64 experimental Ti/D2O+H2SO4/Pt cells.
Half of the excess-heat-producing cathodes revealed evidence of Cr upon EDS after
electrolysis, and over one third of the non-excess heat producing cells displayed
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signs of Cr and other elements. Secondary Ion Mass Spectrometry also confirmed
the presence of chromium. As much as 30% TiH was found on the surface of the
cathode up to a depth of 1 Å, and the Transmission Electron Microscope (TEM)
pointed to the presence of β-TiO2. Warner found that a 20% reduction of the
titanium thickness from that given by the manufacturer yielded optimum heat
results.
Further work at PSU continued finding possible evidence for transmutation on Pd
and Ti cathodes in aqueous electrolytic systems (Dash et al., 1997; Silver and
Dash, 1999).
Recent developments by other researchers in the field (Bernardini et al., 2000) have
also accentuated the viability of titanium electrolytic systems as producers of
excess heat. A release of over 105 J was detected from an unknown source (~1 W
average) after electrolysis of 0.6 M K2CO3 in D2O. Gamma spectroscopy also
appeared to detect emissions from the Ti samples after the end of electrolysis,
emissions that could not be attributed to radioactive impurities.
Li et al. (2000) have reported the appearance of nickel on a 2 µm x 50 µm x 100
cm Pd wire on a glass substrate upon deuterium absorption in electrolysis. DougarJabon et al. (2000) have found neutron emissions in the accumulative
recrystallization phase of deuterium-loaded palladium above 500 oC. Miley et al.
(2000) have described finding energy outputs of 100-200 W/cm3, far in excess of
any chemical source, as well as isotopic reaction byproducts, from arrays of layered
11

Pd-Ni thin films (five alternating ~1000 Å layers ending with Pd on the outer
surface), in Li2SO4-H2O or Li2SO4-D2O solutions. That corresponded to an
unprecedented ~10-20 W per gram of metal (Pd, Ni), in contrast with the power
densities of ~0.1-0.4 W reported by Miles (1995) with solid Pd electrodes, or the
~0.006 W/g of McKubre (1999). A 5 second duration 1 kW power burst was
reported.

The present project:
In the light of all these developments, the decision was adopted to carry out two
new experiments at Portland State University. The specific aims of these two new
experiments were:
•To look again at the excess heat that a cell with a palladium cathode, a
platinum anode, and a solution of sulfuric acid in heavy water (D2O) can
produce under electrolysis, relative to an identical cell with light water
(H2O) as the solvent.
•To evaluate the changes in morphology and composition that electrolysis
brought.
The cathodes would be cut into strips of the same dimensions as in Keefe’s second
experiment (~0.3 mm x 3 mm x 4 cm with ~1 cm2 exposed to the electrolyte). The
12

anodes would be 0.1 mm x 12 mm x 25 mm Pt sheets (in Keefe’s second
experiment, the heavy water cell anode had been a folded-up 0.03 mm x 20 mm x
120 mm sheet while the light water cell anode had been a 0.03 mm x 20 mm x 20
mm sheet). Analysis with the Scanning Electron Microscope (SEM) and Energy
Dispersive Spectrometry (EDS) would be performed on the cathodes following the
two experiments to study the microchemical changes produced by the electrolysis.

MATERIALS AND METHODS:

First experiment:
In both experiments the heavy water cell (D cell) used D2O from Aldrich, Lot
#04344PS, 99.96%. The light water cell (H cell) used deionized 10 MΩcm H2O.
The palladium cathodes in both cells were from Alfa Aesar, Stock #11514, Lot
#E06J04, 99.9%. The platinum anodes were from Alfa Aesar, PREMION, Stock
#11509, Lot #J18K06, 99.99%. The platinum of the electrode lead wires was from
Aldrich, Lot number KI02916LU 175 mg/cm, 99.99%.

13

In the first experiment the lead wires had a diameter of 1 mm in the H cell and of
0.5 mm in the D cell. Previous work had indicated that cold-rolling increased the
likelihood of producing excess heat (Noble et al., 1995; Warner, 2001), so the
palladium of the cathodes was cold-rolled 30% prior to the experiment, and then
subjected to two cleaning cycles (each one consisting of 5’ in a bath of deionized
water in ultrasonics), followed by a rinse in methanol. The cathodes and anodes
were spotwelded to their respective lead wires, and after the spotweld they were
cleaned with sulfuric acid followed by another two standard cleaning cycles and a
rinse in methanol. The spotweld area of the cathodes was then sheathed in a Teflon
tube and was shrunken by heating to seal the interface with the cathode.
The components of both cells for the first experiment are listed in Table 1:

H cell
component
mass (grams)
82.23
80.48
7.13
95.17
2.85
1.38
1.30
0.34
270.88

Table 1
Cell component description and mass
at the start of the first experiment

D cell
component
mass (grams)

Pyrex beaker
Teflon top
H2SO4
H2O for H cell ; D2O for D cell
Anode: 12 x 25 x 0.1 mm Pt foil, spotwelded to Pt wire
Cathode: 30 x 3 x 0.35 mm Pd foil.
spotwelded to Pt wire with sheathing
Little teflon ring around electrodes
Electroplating tape

83.58
79.03
26.90
77.78
1.51

TOTAL

271.69

1.03
1.60
0.26
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If one of the two cells had to be slightly heavier, the proper choice was the D cell.
If the D cell had a slightly higher thermal inertia a possible excess heat reading in
the D cell compared to the H cell would be strengthened.
The two cells were placed in series and supplied the same current of 0.75 A. In this
first experiment, the software that was usually employed to monitor the cell
temperatures through thermocouples was not available. To have an approximate
idea of the thermal evolution of the cells, two thermocouples were attached to each
cell at the same positions and were connected to a strip chart recorder. The voltage
difference across the thermocouple was translated manually to oC.

Second experiment:
In the second experiment the lead wires for the electrodes were of 1 mm diameter
except for the lead wire of the cathode of the H cell, which was made from two
pieces that were spotwelded together. The lower piece of the wire had a length of
63 mm and a diameter of 0.8 mm. The upper piece had a length of 53 mm and a
diameter of 1 mm.
The palladium of the cathodes was cold-rolled 46% from its initial dimensions of
25 x 4.16 x 0.5 millimeters to 33 x 5.5 x 0.27 millimeters. The cathodes and anodes
were spotwelded to their respective lead wires, and after the spotweld they were
cleaned with sulfuric acid followed by another two standard cleaning cycles and a
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rinse in methanol. The spotweld area of the cathodes was then sheathed in a Teflon
ring and was shrunken by heating to seal the interface with the cathode. The
unsheathed surface of the cathode was 21 mm x 5.5 mm and was fully submerged
in the electrolyte at the start of this second experiment.
The components of both cells for the second experiment are summarized in Table
2:

H cell
component
mass (grams)
82.33
80.47
2.34
53.30
2.48
2.40
0.73
0.76
2.62
227.42

Table 2
Cell component description and mass
at the start of the second experiment
Pyrex beaker
Teflon top
H2SO4
H2O for H cell ; D2O for D cell
Anode: 12x25x0.1 mm Pt foil, spotwelded to Pt wire
Cathode: 21x5.5x0.27 mm Pd foil,
spotwelded to Pt wire with sheathing
Little teflon tube around electrodes
Electroplating tape on teflon top
Electroplating tape to secure teflon top to beaker
TOTAL

D cell
component
mass (grams)
80.64
79.03
13.95 to 15.78
48.13 to 46.29
3.03
3.20
0.62
0.85
1.11
230.56

A drawing showing to scale the components of the cells and the electrolyte level at
the start of the second experiment is shown in FIG. 1.
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FIG. 1: Appearance of H and D cells at the start of the second experiment

The box in which the Pyrex glass beakers had been shipped, which had holes
already cut out in the cardboard with the diameter of the beakers and measured 32
cm x 5 cm x 25 cm, was used to hold the cells in place during this second
experiment. The two cells were placed in the same row in the two farthest removed
holes. About 18 cm of air separated the two cells. The box with the cells was
placed on the lab countertop with two weights placed inside in the middle to
prevent the box from being moved or tipped over accidentally. A 31 centimeter
long mercury thermometer was laid horizontally on the box right between the two
cells so its bulb would be in the midpoint between the cells.
There was a double-pole, double-throw current switch in the circuit to measure the
cell voltages by means of a Keithley digital multimeter (177 Microvolt). Hence one
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could monitor with the multimeter the voltage across either the H or D cell by
turning the switch. Constant current was supplied by a Hewlett-Packard
HARRISON 6202B DC power source, and the two cells were connected in series.
The negative terminal of the power supply was wired to the cathode of the H cell;
the anode of the H cell was wired to the cathode of the D cell; the anode of the D
cell was wired to the negative terminal of a D.C. ammeter; and the positive
terminal of the ammeter was wired back to the positive terminal of the power
supply. The multimeter was placed approximately 32 centimeters from the box
with the cells.
The full circuit diagram is shown in FIG. 2.
FIG. 2: Circuit diagram for the second experiment.
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Temperatures were recorded with 3 foot long Type SA1-K OMEGA precision fine
wire thermocouples, which had a diameter of 0.25 mm, were insulated in Teflon,
and were flattened at the hot junctions to achieve good contact with the cell walls.
The adhesive contacts containing the hot junctions had dimensions of 25 mm x 19
mm. The thermocouples had lost their adhesive quality due to previous usage and
so in this experiment were affixed to the glass cells using thin transparent tape. The
thermocouples were connected to a KPCI-3107/STP-36CJC

Keithley data

acquisition board (serial number 0875032, STP-36CJC), which was first used in its
differential mode. In this differential mode, one leg of the thermocouple is hooked
up in each channel to the positive terminal and the other leg is hooked up to the
negative terminal. FIG. 3 shows the full experimental setup.
FIG. 3: Photo of experimental setup for second experiment
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The KPCI-3107/STP-36CJC board came equipped with ExceLINX software,
courtesy of Keithley instruments. This new software translated automatically
thermocouple readings to temperatures and recorded them in Excel. The resulting
temperature recordings from each thermocouple would subsequently be calibrated
with the mercury thermometer that had been placed between the cells. Two
thermocouples were attached to each cell in the same position at the start of this
second experiment, to monitor the temperatures on the sides of the cell walls in the
electrolyte-covered portion. Two more thermocouples would be added in each cell
for the last runs of the second experiment, one to monitor the temperature at the
bottom and one to monitor the temperature at the top.
Additionally, two Radio-Shack LCD Dual Display Indoor/Outdoor thermometers
were affixed with tape to the bottom of the cells in the same position relative to the
electrodes for an independent visual reading of the temperature. The calibration of
all these thermocouples and of the LCD dual display thermometers would be
conducted after the end of this second experiment.
For details about this calibration, please refer to Appendix A.
Current was set at 0.75 A for all the runs of this second experiment using the
constant current procedure given in the manual of the power supply. This
corresponded to an approximate cathode current density of 0.65 A/cm2 at the start
of the experiment when the full unsheathed area of the cathodes was submerged.
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Post-experiment
Cathode characterization methods:
At the end of both experiments, the cathodes from both experiments were examined
visually and characterized using a Scanning Electron Microscope (SEM) and
Energy Dispersive Spectrometry (EDS).
The SEM was an ISI-SS40 model. It was equipped with an OXFORD EDS
detector. The detector model was 5565. The detector area was 10 mm2. Its
resolution was 138 eV. The detector was coupled with ISIS software (the name of
the specific program was SEMQuant) that estimated the elemental composition of a
spot or reduced area on the sample based on the X-ray spectrum. The more X-ray
counts that were acquired, the more accurate that the X-ray analysis turned out to
be. The accelerating voltage was set at 20 kV for all characterizations.
The SEM characterization was done with great care to minimize any possible
contamination of the cathodes that would be examined. Pincers washed in methanol
were used to place and remove the cathodes from the brass stage in the SEM
vacuum chamber. The cathodes were affixed to the stage with an aluminum stub.
The stage itself was handled with gloves. After each analysis, the cathode was
returned to its vial.
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Before the cathodes from the cells of both experiments were characterized, the
preliminary step was to examine a piece of unelectrolyzed palladium from the same
lot from which the cathodes had been cut and cold-rolled. This blank piece of
unelectrolyzed palladium was therefore cold-rolled in the same way as the
cathodes, then put through two standard cleaning cycles and finally rinsed in
methanol following the same cleaning procedure that had been used for the
cathodes prior to assembling the cells.

RESULTS:

Thermal results:

First experiment:
Although thermocouple readings were not available for the first experiment, the
indications from the strip chart recorder were that for the most of 60 hours of
electrolysis that were conducted the H (light water) cell was slightly warmer (~1o
C) than the D (heavy water) cell, with the H cell was receiving slightly less (~5%)
power.
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For more details about the thermal evolution of the cells in this first experiment,
please refer to Appendix B.

Second experiment:
In the second experiment, a total of 8119 minutes of electrolysis were conducted
for both cells. Of these, 7250 minutes were of steady-state. In the first run,
however, which lasted for 261 minutes and had 216 minutes of steady-state, the D
cell was run with the polarity reversed by mistake. As a result, some palladium was
dissolved, and a deposit of powdery black substance formed around the cathode of
this cell. During the course of electrolysis, it was observed that the cathode of the D
cell bent towards the anode, while the cathode of the H cell remained straight.
The H cell was always kept at a higher voltage than the D cell; for the majority of
the runs this potential difference was about 0.2-0.3 Volts. In spite of this, the D cell
remained warmer for most of the minutes of electrolysis.
There was a run, performed on January 18, 2002, in which the D cell temperature
surpassed the H cell temperature by more than 2 oC. In this run, the H cell was at an
average of 3.74 Volts during the 671 minutes of steady-state, while the D cell was
at an average of 3.47 Volts (FIG. 4). The H cell responded by being at an average
temperature of 32.9±0.4 oC (measured by two thermocouples), with the D cell at
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34.8±0.4 oC (FIG. 5). For more details about the thermal evolution of the cells in
this second experiment, please refer to Appendix C.
FIG. 4: Comparison of power inputs in the run of January 18, 2002.
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FIG. 5: Comparison of cell temperatures in the run of January 18, 2002.
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Cathode characterization results:
Blank piece of unelectrolyzed palladium:
The piece of unelectrolyzed cold-rolled palladium that had been chosen as a blank
was examined with EDS. It had only Pd. No traces of Ag or Cd were found.
A representative spectrum is shown in FIG. 6. It was acquired from a 2.5 mm x 2.5
mm square selected area. The results of the SEMQuant analysis on this spectrum
for all the elements are listed in Table 3. Table 4 lists the results for the metallic
elements only:
FIG. 6: Spectrum from selected area on unelectrolyzed Pd.
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Table 3: Results of elemental analysis from X-ray Spectrum of FIG. 6.

C
O
S
Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
0.20%
41.93% 10.56%
0.48%
20.69%
6.94%
0.06%
0.07%
0.04%
0.24%
1.09%
1.45%
0.85%
36.09% 80.51%
0.70%
0.00%
0.00%
0.42%
0.00%
0.00%
0.20%
0.13%
0.51%

(Surface analysis up to a depth of ∼1 µm).

Table 4: Analysis of X-ray spectrum of FIG. 6 for the metallic elements. An actual separate
analysis was conducted for these elements.

Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
2.87%
1.72%
9.51%
96.81% 97.67% 35.74%
0.00%
0.00% 29.18%
0.00%
0.00% 17.38%
0.32%
0.60%
8.20%

(Surface analysis up to a depth of ∼1 µm).

For more details about this spectrum and other spectra that were taken from this
blank piece of unelectrolyzed palladium, please refer to Appendix D.
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Cathodes from first experiment:

H cell cathode:
Silver was present on the H cell cathode of the first experiment, which finished the
runs slightly bent.
5.05±0.34% Ag in number of atoms was found on a large (2.1 mm x 2.1 mm) area
on the concave side of the H cell cathode of this first experiment, very near its tip.
On that region, the number concentration of Pd was 68.73±0.37%.
FIG. 7 shows the X-ray spectrum from this region. Table 5 displays the results for
all the elements; Table 6 displays the results for the metallic elements only.
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FIG. 7: Spectrum from 2.1 mm x 2.1 mm selected area on H cell cathode of the first
experiment

Table 5: Analysis of X-ray Spectrum of FIG. 7 for all the elements.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.00%
0.00%
31.06%
6.24%
3.24%
1.31%
9.03%
7.20%
44.87% 59.95%
3.22%
4.35%
0.11%
0.16%
8.48% 20.78%

σin mass
0.11%
0.18%
0.05%
0.17%
0.35%
0.31%
0.25%
0.17%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage.)
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Table 6: Analysis of X-ray Spectrum of FIG. 7 for the metallic elements.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
13.84%
7.90%
68.73% 65.68%
5.05%
4.90%
0.25%
0.26%
12.13% 21.26%

σin mass
0.18%
0.35%
0.33%
0.27%
0.18%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage.)

On the opposite side of this H cell cathode, the concentration of Ag was lower but
still statistically significant. For more details, please refer to Appendix E.

D cell cathode:
On the D cell cathode of this first experiment, which finished the runs somewhat
less bent than the H cell cathode, Ag number abundances of 7% (above 3σ) relative
to Pd were found over large millimeter-sized areas.
On the convex side of the D cell cathode, there was over 1 atom of Ag for 5 of Pd
on a 13 µm x 13 µm area.
For details about the spectra that were taken, please refer to Appendix F.
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Cathodes from second experiment:
H cell cathode:
FIG. 8 shows the appearance of the H cell cathode before the experiment, while
FIG. 9 shows the appearance after the electrolysis.
FIG. 8: H cell cathode before electrolysis, side of the spotweld (facing the anode).

FIG. 9: H cell cathode after electrolysis, side of the spotweld (facing the anode).
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Cadmium was present over both sides of the H cell cathode after electrolysis, at
levels of 5% relative to Pd in number of atoms, though it was not clear from the
spectra that were taken if this Cd was uniformly spread out over large areas or
localized in small pockets. The Cd SEMQuant readings were above 3σ. Inside
crevices, the concentration of Cd was higher. Ag was also found, mostly in
localized cavities.
In a 0.11 mm x 12 µm fissure along edge of the cathode, there were over 7 atoms of
Cd for every 10 of Pd. FIG. 10 shows the area and FIG. 11 shows the X-ray
spectrum. Table 7 lists the results of the SEMQuant analysis for all the elements,
while Table 8 lists the results for the metallic elements only.
FIG. 10: 0.11 mm x 12 µm fissure along edge of H cell cathode after electrolysis. This was
the side opposite the spotweld, looking away from the anode. The lower tip of the cathode
lies 2.3 mm above this picture (with the scale of 20 µm indicated by the marker).
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FIG. 11: X-ray spectrum from selected area in FIG. 10

Table 7: Results of elemental analysis of spectrum of FIG. 11, from selected area in FIG. 10.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
85.46% 35.34%
3.62%
1.99%
0.00%
0.00%
1.59%
3.48%
0.65%
2.37%
0.04%
0.16%
0.49%
1.91%
8.15% 54.70%

mass

0.34%
0.25%
0.09%
0.25%
0.27%
0.29%
0.24%
0.42%

(Surface analysis up to a depth of ∼1 µm).
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Table 8: Results of analysis of spectrum of FIG. 11, from selected area in FIG. 10, for the
metallic elements. An actual separate SEMQuant analysis was conducted for these
elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
13.48%
5.12%
6.37%
4.05%
0.42%
0.27%
4.82%
3.24%
74.90% 87.32%

mass

0.36%
0.45%
0.49%
0.41%
0.77%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

For more micrographs and spectra from the H cell cathode following electrolysis,
please refer to Appendix G.

D cell cathode:
In the second experiment, the D cell cathode finished markedly bent (by ∼30o).
FIG. 12 shows the D cell cathode before electrolysis and FIG. 13 shows the D cell
cathode after electrolysis.
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FIG. 12: D cell cathode of the second experiment before electrolysis, side opposite the
spotweld (looking away from the anode).

FIG. 13: D cell cathode of the second experiment after electrolysis, side opposite the
spotweld (looking away from the anode).

FIG. 14 shows a close-up edge-on view of the tip of the D cell cathode after
electrolysis.
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FIG. 14: Tip of D cell cathode of the second experiment after electrolysis.

Traces of Cd could have been present in the X-ray spectra from some areas on the
D cell cathode after electrolysis, but the main finding was silver, whose number
abundance relative to Pd reached 20% on some localized spots.
X-rays were acquired from a 2.5 mm x 2.5 mm selected area on the convex
spotweld side of the D cathode very close to the lower tip. This convex side was
facing the anode when the experiment was finished. FIG. 15 shows the region,
which was covered in the deposit of black substance, and the selected area. FIG. 16
shows the spectrum from this selected area. Table 9 lists the results of the
SEMQuant analysis for all the elements; while Table 10 lists the results for the
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metallic elements only. The number abundance of Ag over that area was
4.31±0.34% relative to Pd.
FIG. 15: Tip of D cell cathode of the second experiment after electrolysis

FIG. 16: X-ray spectrum from selected area in FIG. 15
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Table 9: Results of elemental analysis of spectrum of FIG. 16, from selected area in FIG. 15.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
12.87%
3.21%
47.04% 15.59%
4.55%
3.02%
0.71%
0.94%
33.14% 73.04%
1.43%
3.19%
0.00%
0.00%
0.26%
1.03%

mass

0.07%
0.20%
0.04%
0.09%
0.31%
0.25%
0.19%
0.08%

(Surface analysis up to a depth of ∼1 µm).
Table 10: Results of analysis of spectrum of FIG. 16, from selected area in FIG. 15
(metallic elements)
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
1.99%
1.20%
93.26% 93.42%
4.02%
4.07%
0.00%
0.00%
0.73%
1.31%

mass

0.11%
0.39%
0.32%
0.24%
0.10%

(Surface analysis up to a depth of ∼1 µm).

For more micrographs and spectra from the D cell cathode of this second
experiment, please refer to Appendix H.
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DISCUSSION:

Thermal factors:

Thermodynamic considerations:
In steady-state the amount of energy per unit time that goes into any closed system,
such as an imaginary box encompassing the electrodes in this experiment, must
equal the amount of energy that leaves the system:
Power in = Power out
The terms that contribute to this power balance in this particular experiment will be
listed in order of importance:

■Terms in the Power-out side: i.e., terms that contribute to the total power that the
electrodes must produce to maintain the steady-state:
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►The Electrolysis term, which will be denoted

water) cell and

dH D 2O
dt

dH H 2O
dt

for the H (light

for the D (heavy water) cell. It is the energy per unit

time spent by the cells in electrolyzing the water, according to:
1

H2O(l) →H2 (↑)+ O2 (↑)
2

.. .. ..for the light water cell or.. ..
1

D2O(l) →D2 (↑)+ O2 (↑)
2

.. .. ..for the heavy water cell.
The enthalpy for this reaction is of course the opposite of the enthalpy of
formation ∆H of of water (or heavy water) listed in the tables (Lide, 1993),
and equates to 285,900

J
for the light water electrolysis and 294,700
mole

J
for the heavy water electrolysis, at 25 oC and 1 atmosphere. Both
mole
molecular hydrogen (or deuterium) and oxygen are already gaseous at 25 oC
and hence no extra enthalpy is required to vaporize them in the temperature
range of this experiment.
Hence the electrolysis term for the light (or heavy) water cell is the product
of the absolute value of the enthalpy of formation of light (or heavy) water,
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times the rate of light (or heavy) water mass loss in the cell due to
electrolysis, divided by the molecular mass of light (or heavy) water. That
is:
dH H 2O
dt
dH D 2O
dt

dm H 2 O
J
1
•
•
dt
mole
18.00 grams / mole

(1)

dm D 2 O
J
1
•
•
dt
mole
20.00 grams / mole

(2)

= 285,970

= 294,750

►The Evaporation term, which will be denoted

water) cell and

dH D 2O,ev
dt

dH H 2O,ev
dt

for the H (light

for the D (heavy water) cell. This term expresses

the energy that must be supplied by the system in order to counterbalance
the cooling caused by the passive evaporation of the electrolyte. It is the
product of the enthalpy of vaporization of light water (or heavy water) times
the number of moles of light water (or heavy water) that evaporate per unit
time.
The enthalpy of vaporization of water (or heavy water), is, of course,
temperature-dependant, because it takes less and less energy to vaporize a
given mass of water (or heavy water) as one approaches the boiling point.
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Nevertheless it is more than safe in the temperature range of this experiment
to assume a constant enthalpy of vaporization of:
∆H ev,H2O = 45050

J
mole

(3)

for light water and:
∆H ev,D2O = 45042

J
mole

(4)

for heavy water (Lide, 1993).
The rate of mass loss due to evaporation is also temperature-dependent. As
the temperature of any liquid increases, it tends to evaporate more and
more. The rate of mass loss to evaporation of a liquid at any given
temperature is proportional to the vapor pressure (it also depends on other
factors such as the air speed over the liquid, but these are not relevant in this
experiment in which the cells were covered with a Teflon top). With the
Teflon top on, the average evaporation rate of the H cell at room
temperature (20 oC) was observed to be 0.0060±0.0004

grams
, and the
hour

basal (room temperature) evaporation rate of the D cell was found to be
0.0017±0.0004

grams
.
hour
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There is still of course the evaporation of the sulfuric acid part of the
electrolyte, but this can be completely neglected. At 145.8 oC, when no
water (or heavy water) survives in the liquid state at 1 atmosphere of
pressure, a liquid pool of sulfuric acid still exerts only 1 torr of pressure, or
1/760 of an atmosphere (Lide, 1993). (At 194.2 oC the vapor pressure of
sulfuric acid has only risen to 10 torr, 1/76 of an atmosphere, a vapor
pressure that is reached by light water at 11.6 oC and by heavy water at 13.3
o

C) (Lide, 1993). The actual combined phase diagram of the H2SO4-H2O

system is rather complicated, and further enriched by the presence of
eutectic hydrates such as H2SO4·H2O, which melts at 8.5

o

C, and

H2SO4·2H2O, which melts at -38 oC (Sander et al., 1984; Cotton, 1988).
However, this does not detract from the validity of the argument:
dissociated sulfuric acid molecules will exert no appreciable vapor pressure
whether they may be hydrated or not.

►The Heat dissipation term. It expresses the power that must be
continuously generated by electrolysis to maintain the temperature gradient
between the electrolyte and the background of the lab. If a warm system at
temperature Twarm is separated by a wall of surface A and thickness δ from
its colder surroundings at temperature Tcold, the rate of heat loss by the
system is given by (Hemminger and Hohne, 1984; Morse, 1969):
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Ploss = κ·

A

δ

· (Twarm - Tcold)

(5)

with κ the thermal conductivity of the separating wall. Now, if one
considers again an imaginary box containing the space around the
electrodes inside the electrolyte where the action of the experiment takes
place, the box can then be modeled to be at a uniform temperature T, the
average of all the thermocouple and sensor readings at each moment. The
combined contributions in each cell of the beaker wall, the Teflon top and
the electrolyte itself, with their varying geometries, surfaces and
thicknesses, can then be very roughly summarized in a single linear thermal
conductance term, which will be denoted by R:
Ploss = R (T – Tambient)

(6)

This might look like a rather crude model, but considerable effort was
expended in assembling the two cells as similar to each other as possible so
that the effective R would be the same in both cells.
There are deviations, of course, not the least important of which is the
difference in electrolyte level and composition between the cells, which
affects the thermal conductivity. For any given mixture of water and
sulfuric acid, as the concentration of sulfuric acid increases the thermal
conductivity decreases, at any given temperature. Similarly, for any given
concentration of sulfuric acid, as the temperature of the mixture increases
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the thermal conductivity decreases. In the 20-80 oC range this double
temperature and concentration dependence of the thermal conductivity of
the H2O·H2SO4 system can be summarized as (Vargaftik, 1975):

κ (x,T)

≈ [0.6024 - 0.0028x + (0.00062166 + 0.0833x)(

W
T
-20)]
(7)
m · oC
C

o

.. .. ..with x the unit concentration of H2SO4 by weight. (m stands for meter).
The very Teflon used in the columns, which is a solid polymer (C2F4)n, has
a thermal conductivity which is temperature-dependent. A good fit of this
temperature dependence is (Lide, 1993):

κ(C2F4)n (T) = [- 0.0031

W
T
+ 2.3294 ]
m · oC
C

o

(8)

The pyrex glass of the cell beakers, which is made of 80-81% SiO2, 12-13%
B2O3, 4% Na2O and 2% Al, also has a thermal conductivity with some
temperature dependence, which is closely approximated by (Lide, 1993):

κpyrex(T) = [-10-5(

W
T 2
T
) + 0.0069 o - 0.0204 ]
m · oC
C
C

o

(9)

.. .. .. in the temperature range of this experiment.
The effects of temperature and sulfuric acid concentration variations on the
total thermal conductivity throughout the experiment could not be neglected
in a large-scale experiment in which the temperature variations within the
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electrolyte were accurately recorded with high-precision, fast-response
sensors. In this very rudimentary, small-sized experiment, though, it is not
worthwhile to fret over second-order and third-order effects. Still, a few
simple calculations show that, if one of the two cells had a higher thermal
conductivity, it was the D cell, which means that heat would have been
escaping more easily from the D cell than from the H and that a possible
excess heat measurement in the D cell relative to the H would be further
supported. The main reasons are as follows:
*Firstly, the D cell had a slightly lighter Teflon top (79.03 grams for 80.47
grams).
*Secondly, the D cell Teflon top was very slightly thinner than that of the H
cell: repeated measurements with the micrometer gave thicknesses of
14.710, 14.740, 14.740, 14.725, 14.707, 14.702 and 14.735 mm for the D
cell Teflon top and 14.890, 14.769, 14.922 and 14.912 mm for the H cell
top. Teflon was the main insulator in this experiment: its 2.2198
thermal conductivity at 35

W
m · oC

o

C can be contrasted with the 0.20885

W
conductivity of the pyrex glass at the same temperature. By
m · oC

comparison, a 25.09% by weight solution of H2SO4 in H2O, such as the
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initial electrolyte solution of the D cell at the beginning of the experiment,
has a thermal conductivity of 0.9245

W
at 35 oC.
m · oC

*Thirdly, the lead wires had the same diameter in both cells for both the
anodes and the cathodes. The escape of heat through the little space of air
between the lead wire and the insulating Teflon top was not particularly
favored in any cell.
*Fourthly, the thermal conductivity of the H cell electrolyte was on average
always less than that of the D cell. This can be shown easily by noting that
the concentration of sulfuric acid by weight in the H cell electrolyte could
never have exceeded the original mixed mass of H2SO4, 2.34 grams,
divided by the total mass of electrolyte at the end of the experiment, which
was 55.63 grams - 40.91 grams = 14.71 grams: it was after the last
electrolysis run when the sulfuric acid in the H electrolyte was most
concentrated. An upper bound on the H cell electrolyte conductivity can
then be found by putting this maximum sulfuric acid weight concentration x
of

2.34
= 15.90% into formula (7). The thermal conductivity upper bound
14.71

for the H cell turns out to be, at 35 oC:
[0.6024 - 0.0028·0.159 + (0.00062166 + 0.0833·0.159)·15oC]

W
=
m · oC
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= 0.810

W
m · oC

(10)

Similarly, a lower bound on the D cell electrolyte conductivity throughout
the experiment can be found by dividing the minimum mass of H2SO4 that
had certainly been mixed in the electrolyte, 13.95 grams, by the total mass
of electrolyte at the beginning of the experiment, 62.08 grams, when the
sulfuric acid in the D cell was most diluted; and then by putting this
minimum sulfuric acid weight concentration x of

13.95
= 22.47% in
62.08

formula (7). This gives a thermal conductivity lower bound of:
[0.6024 - 0.0028·0.2247 + (0.00062166 + 0.0833·0.2247)·15oC]

= 0.892

W
m · oC

W
=
m · oC

(11)

for the D cell. More generally, at any temperature T, the thermal
conductivity of the D cell electrolyte minus the thermal conductivity of the
H cell electrolyte must have always exceeded:
[-0.0028 · (0.2247 - 0.159) + 0.0833 · (0.2247 - 0.159) · (

= 0.0657 · [0.0833 (

W
T
- 20) - 0.0028]
m · oC
C

o

W
T
- 20)]
m · oC
C

o

(12)

47

, which was always positive in the working temperature range T > 20.04 oC
of this experiment.
Hence it is more than safe to ignore the possible small difference in thermal
conductivity between the cells and treat R as the same for both cells in this
experiment.

■Terms in the Power-in side: i.e., terms that contribute to the total power that is
supplied to the electrodes:

►The Electrical power term, which is the power supplied by the circuit to
the electrodes. It is simply given by the product of the voltage at which the
cell is maintained times the current:
Pin = VI

►The loading term,

(13)

dH PdH x
dt

which is the energy released per unit time at

the cathode due to the loading of hydrogen (or deuterium in the case of the
heavy water cell) into the palladium (Hurd, 1952; Mueller et al., 1968;
Flanagan and Oates, 1978; Dedieu, 1992):
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Pd (s) +

x
H2 (g)→ PdHx (s)
2

x is the degree of loading of hydrogen in palladium hydride. Palladium is
unique among the transition metals for its ability to absorb huge amounts of
hydrogen, a remarkable fact that was first discovered by Graham in 1866
(Flanagan and Oates, 1978).
PdHx is not a stoichiometric compound but an interstitial compound in
which the hydrogen atoms fill up the octahedral interstices in the facecentered cubic crystal lattice of palladium as x increases. The crystal lattice
cell then expands from its normal edge size a = 0.3883 nm to a = 0.3894 nm
(Flanagan and Oates, 1978), then it undergoes a rapid dilation to a = 0.408
nm and keeps swelling if hydrogen continues to be added (FIG. 17).
Experimentally, palladium samples have been made to absorb hydrogen up
to 1000 times their volume (Flanagan and Oates, 1978).
It is thought that hydrogen is initially absorbed through cracks in the metal
structure of palladium, and the previous history of the Pd sample can have a
marked effect on the absorption rate. For instance, a vacuum-annealed Pd
sample absorbs hydrogen very laggardly, but a Pd sample that had
previously absorbed hydrogen and then had the hydrogen brusquely
removed by vacuum treatment at room temperature quickly re-sponges
hydrogen.
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During loading, the diffusion of hydrogen into the rifts is followed by the
alloying of hydrogen with palladium around the rifts. That is to say, an
effective solid solution of metallic hydrogen is formed, the so-called α
phase of PdH. Once formed, this alloy is stable for long periods at room
temperature, even in vacuum conditions. Only at high temperatures in
vacuum will the hydrogen slowly begin to diffuse away (Flanagan and
Oates, 1978).
There are no oxidation problems associated with palladium. The enthalpy of
formation ∆H of of the half-loaded palladium hydride, PdH0.5 is generally
given as –37,200

J
(Rossini, 1961).
mole

Until the 1970s, there was no reliable thermodynamic data for hydrogen
dissolved in bulk palladium below 400 Kelvin due to the slowness of the
H2 ←
→ 2H chemisorption at the surface (Flanagan and Oates, 1978). In fact,
Pd-H was the first nonstoichiometric system for which detailed
thermodynamic data were obtained.
Only recently was it found that absorption of hydrogen by palladium leads
to two nonstoichiometric phases for PdHx (or PdDx): (α), and (β), in which
hydrogen (or deuterium) gradually occupies the octahedral interstices of the
face-centered-cubic cell shown in FIG. 17 as x increases. At 1 atmosphere
the α phase preponderates below x = 0.7; above that level of loading PdHx
50

(or PdDx) is present only in the β phase (FIGS. 18 and 19). In both phases
hydrogen atoms occupy the interstices within the face-centered-cubic
palladium lattice and the main difference is in the hydrogen content and in
the lattice parameters of the matrix of enveloping palladium.
The work of Baranowski et al. has demonstrated that the amount by which
the volume of palladium expands per added hydrogen atom is the same for
both the α and β phases, up to a loading of x = 0.75 (Flanagan and Oates,
1978). This partial molar volume of hydrogen VH is 1.65

0.75 the partial molar volume seems to drop to 0.4

cm 3
. At x =
mol H

cm 3
, something
mol H

which has been related to the onset of superconductivity in palladiumhydrogen. It has been pointed out that in the α phase hydrogen occupies
interstices that have tetrahedral coordination with respect to Pd, but the
difference between the two phases of the Pd-H system is still not thoroughly
understood (Fukai, 1981).
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FIG. 17.: Crystal unit cell of β-PdHx (or β-PdDx). It expands as x increases.

In 1937 Lacher used a statistical mechanical model to account for the phase
diagram of PdHx that was later used for many other studies of
nonstoichiometric systems. His model successfully predicted many features
of PdHx known at the time even though it was based on the somewhat
shortsighted assumption that the limiting value for the loading x was 0.59,
and subsequent experimental work has repeatedly succeeded in achieving
values of the loading x very close to 1.
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For instance, Flanagan and Oates have loaded palladium samples to x =
0.99±0.01 charging them with hydrogen atoms from the gas phase. Then
there are the electrochemical methods and the high-pressure methods
(Flanagan and Oates, 1978).
FIG. 18: Phase diagram of PdHx (or PdDx) at 1 atm. (Darling, 1973)

The unsheathed portion of the Pd cathode in both cells of the experiment
had dimensions of 2.15 cm X 0.55 cm X 0.027 cm and hence, given the lot’s
label density for this particular palladium of 12.02 g/cm3, the mass of this
unsheathed portion was 0.383 grams. This means that the unsheathed
portion of each cathode hosted

0.383 g
= 0.0036 moles of palladium
106.4 g / mole

metal. Therefore the enthalpy loading term is:
dH PdH x
dt

≈

J
dx
· 0.0036 moles · 74500
dt
mole

(14)
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.. .. with

dx
the rate of loading. (The rough assumption, by no means
dt

justified, that the enthalpy of formation of the fully loaded hydride is twice
that of the half-loaded hydride has been made). For the D cell the formula
must be taken to be the same as the tables do not list a separate formation
enthalpy for the deuteride.

FIG. 19: General phase diagram of PdHx (or PdDx). (Darling, 1973).
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There are however indications that the palladium-hydrogen force constant
could be as much as 20% stronger than the palladium-deuterium force
constant at x = 0.63 (Rahman et al., 1976). If so, the formation enthalpy of
PdDx would be somewhat less negative than that of PdHx.
The loading rate

dx
varies with time and depends on many factors
dt

(Azzarone et al., 2000; Zhang et al., 2000). How fast the cathode loads is
really irrelevant in this experiment as what counts is the average loading
enthalpy release rate over the whole duration of the runs.

►The excess heat term,

dHexcess
is the object of interest. The goal of this
dt

experiment is to determine if there was an unaccounted-for extra source of
energy. It is not possible to deduce the absolute amount of this
unaccounted-for energy that may have gone to each cell, as balancing the
power that goes in with the power that goes out leaves only two equations
(one for each cell), and there is already one unknown that must be solved
out: the common thermal conductivity term R. Hence it has to be assumed
that the H cell acted as control cell and produced no excess heat. That is to
say, the goal will be to find out the excess heat that the D cell produced
relative to the H cell.
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This is done simply by bringing all the terms of the power balance equation
together for each cell:
dH PdH x

Pin,H +

dH H 2O,ev

=

dt

+

dt

dH H 2O

+ R (TH - Tambient)

dt

dH PdD x dH D 2O,ev dH D 2O
dHexcess
+ Pin,D +
=
+
+ R (TD - Tambient)
dt
dt
dt
dt

(15)

(16)

Solving for R in the H cell formula and substituting in the D cell formula the
following is obtained:

R = [Pin,H -

dH H 2O,ev
dt

-

dH H 2O

+

dt

dH PdH x
dt

]

1
(TH - Tambient )

dH D 2O,ev dH D 2O
dH PdD x
dHexcess
= - Pin,D +
+
+ R(TD- Tambient) dt
dt
dt
dt

= - Pin,D+

+ [Pin,H -

dH D 2O,ev
dt

dH H 2O,ev
dt

+

-

(17)

(18)

dH D 2O dH PdD x
+
dt
dt

dH H 2O
dt

+

dH PdH x
dt

]

TD − Tambient
TH - Tambient

(19)

A few observations are in order. The power-in terms (Pin,H and Pin,D) and
electrolysis terms (

dH H 2O
dt

and

dH D 2O
dt

) are the dominant ones, the first are of
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about ~2 watts and the latter of about ~1 watt. The evaporation terms
(

(

dH H 2O,ev
dt
dH PdH x
dt

and

and

dH D 2O,ev
dt
dH PdD x
dt

) are far smaller (~0.008 watts) and the loading terms

) are smaller still (~0.0003 watts). The H cathode loading

term, which contributes positively to the excess heat, can be ignored. The goal is to
arrive at an excess heat estimate for the D cell as conservative as possible.

Heat results:
There are two ways to estimate the electrolysis terms

dH H 2O
dt

and

dH D 2O
dt

and

hence the excess heat.

■Estimation based on the mass losses of the cells:
In this method, the cells are weighed before and after electrolysis, and the mass
difference, divided by the time of electrolysis gives the average

the H cell) or the average

dm D 2O
dt

dm H 2 O
dt

term (for

term (for the D cell), which are then plugged into

equations (1) or (2) respectively.
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Actually, some of the mass loss is due to passive evaporation through the unsealed
Teflon top, so an estimate of this passive dragout of light water (in the H cell) or
heavy water (in the D cell) based on the observed evaporation rates at room
temperature must be made and subtracted from the mass difference between
weighings to arrive at the mass loss due to electrolysis.
For example, in the second experiment, during the period from December 26 2001
at 2:39 PM when the cells were weighed and January 25 2002 at 9:40 AM when the
cells were weighed again, there were 41461 minutes, of which 7666 were of
electrolysis.
During this total period the H cell lost a total of 38.07 grams. From these, it was
then estimated based on the basal evaporation rate measured for this cell that about
4.89 grams were due to passive evaporation.
Similarly, during this period the D cell lost a total of 30.02 grams. From these, it
was estimated based on the basal evaporation rate measured for this cell that about
1.40 grams were due to passive evaporation.
The excess heat formula was then applied to the steady-state periods of electrolysis
when the cells had already reached operating temperature above ~30 oC and both
the temperatures and the voltages remained steady. The excess power derived from
the formula at each minute was then numerically integrated to find the total excess
heat produced by the D cell in this experiment during steady-state.
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The evaporation terms

dH H 2O,ev
dt

and

evaporation enthalpy never surpassed

dH D 2O,ev
dt

were clearly negligible: the H cell

joules
3 · 0.006 grams/hour
· 45050
= 0.012
3600 s
mole

watts and the contributions of the evaporation term to the heat from both cells
partially canceled out. (The excess heat was in the order of 0.1-0.2 watts).
Nevertheless, a 0.012 watt enthalpy evaporation flat rate was subtracted from the
excess heat.

The loading terms

dH PdH x
dt

and

dH PdD x
dt

were even more insignificant: still, a

worst-case scenario was assumed in which the D cell fully loaded with deuterium
and the H cell did not load at all with hydrogen. That gave a 0.0036 moles ×
74500

joules
270 J
= 270 joule one-time loading enthalpy (or a
= 0.00064
7034 ⋅ 60 s
mole

watt flat rate deduction averaged over all the 7034 steady-state minutes of
electrolysis with the right polarity) that was subtracted from the final excess heat.
In the run of January 18, 2002, steady-state was reached 40’ after switch-on. After
645’, the H cell was at an average (two thermocouple) temperature of 33.3 oC and
the D cell was at an average (two thermocouple) temperature of 35.2 oC. The H cell
was at 3.70 V and the D cell was at 3.44 V. The average power spent into
electrolysis by the H cell, calculated from the loss rate of electrolyte, was 1.15
watts; while the average power spent into electrolysis by the D cell, from the loss
rate of electrolyte, was 0.92 watts. At that moment in the run the ambient
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temperature Tambient was 20.8 oC. Hence TH - Tambient = 12.5 oC, TD - Tambient = 14.4
o

C and the excess heat at that moment was:

dHexcess
14.4
> 0.92 watts - 3.44 V·0.75 A + [3.7 V·0.75 A - 1.15 watts]
- 0.012 W=
dt
12.5

= 0.20 watts

(20)

Things can be simplified even more. It can be further assumed that the H and D
cells were at the same temperature at that moment, the rates of mass loss of
electrolyte were the same in both cells, the puny evaporation correction for the H
cell canceled out that of the D cell, and the even more puny loading correction for
the H cell canceled out that of the D cell. With these simplifying assumptions the
excess heat is just the difference in power input between the two cells at that
moment: namely,
(3.70 V – 3.44 V) · 0.75 A = 0.195 watts.
(21)
The thermocouples were found to have an error of ±0.4 oC, and therefore the
relative error of the excess heat at that moment in the run was 11%. Data had been
acquired with Excel every 2’40’’ in this run. Adding the excess heat yield of each
of these 2’40’’ intervals, the total excess heat for the 668’ of steady state of this run
was 8200±1400 J.
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This is then the final result of the calculation. In all the minutes of steady-state in
which the D cell ran with the right polarity, the excess heat produced by the D cell
relative to the H cell was:
55727 joules ±14581 joules
By contrast, the chemical enthalpy that would have been released by the D cathode
if it got fully loaded with deuterium during all these minutes of electrolysis with the
right polarity, was:
270 joules
The average excess heat of the D cell relative to the H cell during the steady-state
portion (7034 minutes) of the 7857 minutes of electrolysis with the right polarity
was then 0.13±0.03 watt. The loading of the cathodes, the only readily imaginable
chemical process that can go on, can produce over that time only 0.00064 watts.
The average power input of the D cell during the steady-state minutes of the right
polarity was 2.33 W. Hence the excess heat was 5.5±1.3% of the power input.
Table 11 summarizes the heat results for the 18 runs of the second experiment as
estimated from cell mass losses.
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Table 11: HEAT SUMMARY OF THE SECOND EXPERIMENT (FROM CELL MASS
LOSSES)

*D polarity
switched

date

steady Excess
start finish total state heat
time time min min
(J)

σ
(J)

steadystate
run
average
(W)

σ
(W)

12/21/01 16:03 20:24 261

216

147

328 J

0.01

0.03 W

*Right polarity: 12/22/01 21:12 21:38 26
*Right polarity: 12/23/01 12:57 15:43 166

0
91

0
431

0J
154 J

0.00
0.08

0.00 W
0.03 W

*Right polarity: 12/27/01 15:30 20:59 329
*Right polarity:
1/7/02 9:19 21:30 731
*Right polarity:
1/8/02 9:57 20:44 647
*Right polarity:
1/9/02 12:50 20:33 463
*Right polarity: 1/10/02 9:01 12:26 205
*Right polarity: 1/11/02 14:56 18:52 236
*Right polarity: 1/14/02 9:57 21:59 722
*Right polarity: 1/15/02 10:23 22:18 715
*Right polarity: 1/16/02 10:09 21:30 681
*Right polarity: 1/17/02 9:55 21:53 718
*Right polarity: 1/18/02 9:20 21:08 708
*Right polarity: 1/22/02 10:09 16:10 361
*Right polarity: 1/23/02 10:06 21:54 708
*Right polarity: 1/24/02 9:45 13:33 274
*Right polarity: 1/24/02 15:15 18:07 169

274
698
580
392
178
197
659
648
667
704
671
330
601
213
131

-2853
1546
2674
5284
752
831
-230
4232
6347
7423
8201
5440
9872
4442
1333

440 J
1578 J
1277 J
1098 J
398 J
416 J
667 J
1341 J
1402 J
1461 J
1396 J
683 J
1402 J
583 J
287 J

-0.17
0.04
0.08
0.22
0.07
0.07
-0.01
0.11
0.16
0.18
0.20
0.27
0.27
0.35
0.17

0.03 W
0.04 W
0.04 W
0.05 W
0.04 W
0.04 W
0.02 W
0.03 W
0.04 W
0.03 W
0.03 W
0.03 W
0.04 W
0.05 W
0.04 W

0.01
0.13
0.13

0.03 W
0.03 W
0.03 W

Total excess heat produced by the D cell:
During the initial minutes of reversed polarity→
In the subsequent runs with the right polarity→
In the whole experiment→

328 J
147
55727 14581 J
55873 14909 J
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■Estimation based on direct Faradaic conversion of current:
Modeling the passive dragout of electrolyte due to evaporation in an experiment
like this is very difficult, and hence it is more realistic to assume full Faraday
efficiency and deduce the number of moles of light water (in the H cell) or heavy
water (in the D cell) lost to electrolysis per unit time directly from the current.
It takes two electrons to split a water molecule, so 0.75 A of current translates to
0.75 A
= 3.88 · 10-6 moles/s of water, or 1.11 W for
23
-19
2 ·1.602 ·10 C · 6.023 ·10

dH H 2O
dt

and 1.14 W for

dH D 2O
dt

.

The formula for the excess heat then becomes simply:
dH D 2O
dH H 2O TD − Tambient
dHexcess
= - VD · I +
+ [VH · I ]
TH - Tambient
dt
dt
dt

(22)

T − Tambient
dHexcess
= - VD · I + 1.14 watt + [VH · I - 1.11 watt] D
TH - Tambient
dt

(23)

Table 12 lists the integrated excess heat for the 18 runs of the second experiment
estimated by this direct current conversion approach.
The calculation gives much more heat in this way as expected, and in fact,
according to this approach all runs produced excess heat, and, except for the one of
January 14, 2002, in which the H cell was shorted for about an hour, the heat was
above three standard deviations.
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Table 12: HEAT SUMMARY OF THE SECOND EXPERIMENT (FROM THE CURRENT)

*D polarity
switched

date

steady Excess
start finish total state heat
time time min min
(J)

σ
(J)

steadystate
run
average
(W)

σ
(W)

12/21/01 16:03 20:24 261

216

6261

991 J

0.48

0.08 W

*Right polarity: 12/22/01 21:12 21:38 26
*Right polarity: 12/23/01 12:57 15:43 166

0
91

0
3523

0J
447 J

0.00
0.64

0.00 W
0.08 W

*Right polarity: 12/27/01 15:30 20:59 329
*Right polarity:
1/7/02 9:19 21:30 731
*Right polarity:
1/8/02 9:57 20:44 647
*Right polarity:
1/9/02 12:50 20:33 463
*Right polarity: 1/10/02 9:01 12:26 205
*Right polarity: 1/11/02 14:56 18:52 236
*Right polarity: 1/14/02 9:57 21:59 722
*Right polarity: 1/15/02 10:23 22:18 715
*Right polarity: 1/16/02 10:09 21:30 681
*Right polarity: 1/17/02 9:55 21:53 718
*Right polarity: 1/18/02 9:20 21:08 708
*Right polarity: 1/22/02 10:09 16:10 361
*Right polarity: 1/23/02 10:06 21:54 708
*Right polarity: 1/24/02 9:45 13:33 274
*Right polarity: 1/24/02 15:15 18:07 169

274
698
580
392
178
197
659
648
667
704
671
330
601
213
131

1745
12889
12272
12540
2851
3912
2387
15257
17231
18082
19265
10654
21015
5209
3150

467 J
2714 J
2186 J
2017 J
682 J
751 J
2270 J
2286 J
2375 J
2454 J
2370 J
1128 J
2391 J
662 J
457 J

0.11
0.31
0.35
0.53
0.27
0.33
0.06
0.39
0.43
0.43
0.48
0.54
0.58
0.40
0.40

0.03 W
0.06 W
0.06 W
0.08 W
0.06 W
0.06 W
0.06 W
0.06 W
0.06 W
0.06 W
0.06 W
0.06 W
0.07 W
0.05 W
0.06 W

0.48
0.38
0.39

0.08 W
0.06 W
0.06 W

Total excess heat produced by the D cell:
During the initial minutes of reversed polarity:->
In the subsequent runs with the right polarity:->
In the whole experiment:->

991 J
6261
161982 14581 J
168243 26648 J

The average excess heat calculated by this Faradaic method was then 0.38±0.06 W
or 16.3±2.6% of the power input of the D cell.
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Chemical explanations:
There are some possible heat-releasing chemical mechanisms that might have taken
place in this experiment, in addition to the loading of palladium, and they will be
examined to ascertain if they could account for some of the excess heat.
•Sulfuric acid is well known to release large amounts of heat when dissolved in
water:
H2SO4 (l) + nH2O (l) → H2SO4·nH2O (aq) + ∆Hdilution,H2SO4(T)(x)
But this heat of dilution dissipates right after mixing, and the mixing of the sulfuric
acid was done days before the start of the experiment.
Nevertheless, as the concentration of sulfuric acid gradually diminished into the
experiment, the electrolyte must have demanded back some extra heat that the
electrodes had to generate (in addition to the heat expended into evaporation), and
this happened at a different rate in the H cell than in the D cell. It might be logical
to ask if this might be a background source of excess heat.
The enthalpy of dilution of sulfuric acid has been widely studied due to its
tremendous industrial importance, and at 20 oC can be summarized with the
formula (Sander et al., 1984):
∆Hdilution,H2SO4(20 oC)(x) = -[-447.65x3 - 273.18x2 - 25.312x + 725.23 ] · 98

J
(24)
mole
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with x the unit concentration of sulfuric acid by weight. In the H cell the initial
sulfuric acid concentration in the electrolyte at the beginning of the experiment was
4.2%: at the end of the experiment the concentration had thickened to 15.9%. This
means that as a result of dehydration the H cell electrolyte absorbed
∆Hdilution,H2SO4(20 oC)(0.042) - ∆Hdilution,H2SO4(20 oC)(0.159) = 1687.9 J-1667.2 J = 20.6 joules
in the course of the experiment that its electrodes had to produce, in addition to the
excess heat that was already being generated (which in this model is assumed to be
zero). In the D cell, even assuming that only 13.95 grams of sulfuric acid had been
mixed in the original electrolyte, the initial sulfuric acid concentration was no less
than 22.47% and the final sulfuric acid concentration was no less than 46.31%.
This means that the D cell absorbed ∆Hdilution,H2SO4(20
oC)(0.4631)

oC)(0.2247)

- ∆Hdilution,H2SO4(20

= 9771.1 J-8515.7 J = 1255.3 joules in the course of the experiment due to

dehydration that its electrodes had to produce, in addition to whatever absolute
excess heat was already being generated in this cell. That is to say, in order to
compensate for the progressive dehydration of the sulfuric acid in its electrolyte,
the D cell generated, in addition to whatever absolute excess heat was already there
from any other cause, more than sixty times what the H cell generated in addition to
its own absolute excess heat from other sources (which is zero in this model). The
D cell was far from operating at sixty times the temperature of the H cell, however.
Far from accounting for some of the relative excess heat that was observed in the D
cell, the progressive dilution of sulfuric acid only aggrandizes (if by a small
amount, ~2%), the amount of excess heat that has to be explained.
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•Other chemical compounds. It is highly unlikely that any chemical reactions
took place other than the loading of the cathodes, but even if they did they would
have taken place in both cells and hence their enthalpy releases would have
canceled out in the final heat analysis. The only exception was the first run when
the polarity of the D cell was reversed, some of the palladium dissolved, and as a
result the black powdery substance, most likely PdS or PdO, was formed. PdS has
an enthalpy of formation ∆H of of –70,710

J
and PdO has an ∆H of of –115,478
mole

J
(Barin, 1989). Even if all the 0.0036 moles of the D cell Pd cathode had
mole
combined with oxygen, that would still only account for ~120000

J
· 0.0036
mole

moles = 440 joules of excess heat.
Some stains were formed on both sides of the H cell anode which under EDS
revealed concentrations of oxygen and sulfur higher than in surrounding areas. It is
a possibility that these stains were platinum sulfates or sulfides. The inside of the D
cell anode, which formed a little roll, could not be seen clearly, but the outside was
interestingly free of these stains.
Nevertheless, the mass of the anodes was the same before as after the experiment.
The accuracy of the balance was ±0.0005 grams. Even a difference of 0.01 grams
translates only to ~0.00005 moles of platinum, or 35 joules of enthalpy.
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•The Joule-Thomson effect has occasionally been cited as an artifact that could
explain away some of the excess heat in experiments like this (Hoffman, 1995).
The adiabatic expansion of hydrogen, in fact, is a major heat producer above -80
o

C, and its sudden occurrence is more than a possibility when any of the pores in

the palladium cathode breaks and the hydrogen that had been bonded inside puffs
out. And for a given loading ratio in the palladium, the equilibrium pressure of D2
is higher than the H2 pressure. But there is an upper limit to the power that can be
relinquished by the Joule-Thomson heating effect, not only because pores in
palladium are rather scarce, but also because pores within the palladium cannot be
pressurized to more than 20% of the shear modulus. For the effect to carry on past
that point, the pores in the palladium would have to grow faster than the
pressurization. Pressurization above 20% of the shear modulus is actually possible
but it requires that pores had previously nucleated in the palladium.
Also, and unless pores are previously nucleated in the palladium, the JouleThomson effect requires that enough internal pressure be previously built inside the
palladium cathode (such as by electrolysis), so that defects and cracks may appear.
Hence, and unless the palladium already contained nucleated pores, while
electrolysis is unfolding and the pressure is building up, cooling, not heating, is
what occurs. As a result the Joule-Thomson effect cannot truly be invoked to
explain the excess heat in an experiment like this, but it certainly can play a role in
other ‘‘heat after death’’ reports when heat was observed in similar experiments
after the current was switched off (Hoffman, 1995).
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The conclusion is that, while chemical reactions may have played a minor role
in this experiment, the magnitude of the enthalpies they released falls at least
an order of magnitude short of explaining the total heat that was produced.
Even if one subtracts a full 3σ from the final excess heat estimate by cell mass
losses, and subsequently one deducts the maximum enthalpy that could have been
relinquished by all the conceivable chemical processes that might have taken place
in this experiment other than the loading of the cathodes, which is definitely no
more than 700 joules; the net result, 11284 joules, is still more than ten times the
maximum total enthalpy that could have been produced chemically in this
experiment, 970 joules. That is to say, the excess heat that the D cell produced
compared to the H cell is more than eleven times the heat that can be explained by
all the chemical processes that could have taken place inside the D cell.
If the excess heat is calculated instead assuming a full Faradaic efficiency in the
electrolysis, the excess heat minus three standard deviations and minus the total
chemical enthalpy that could have been released in this experiment is over two
orders of magnitude larger than this total chemical enthalpy. The excess heat minus
ten standard deviations and minus the total chemical enthalpy release is still over
ten times larger than this total chemical enthalpy release, adopting this Faradaic
efficiency approach for the heat calculation.
Or, to put it in a more impacting form:
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970 joules is the maximum excess heat that chemical reactions can account
for in this experiment.
But still, to account for all the excess heat that was produced in
this experiment,.. .. at least another .. .. ..
11284 joules remain to be explained.
Additionally, there were the new elements Ag and Cd found on the cathodes in the
EDS characterization, and which mere chemical or mechanical mechanisms
cannot account for. Other explanations must be sought.

Nuclear explanations:
There is a simple explanation that would account for all the excess heat that was
observed in these two experiments, as well as for the presence of the new elements,
and this is that nuclear reactions somehow took place.
Nuclear reactions happen frequently at room temperature (Hoffman, 1995; Jones et
al., 1989): To induce them, all it takes is an energetic charged particle that may be
traveling through the atmosphere, such as the ones that are constantly being created
by the collision of cosmic rays on the upper stratospheric layers of the Earth
(Hoffman, 1995), or a low-energy neutral ambient particle such as the neutron
(Kozima, 1998).
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It is well known that a thermonuclear reaction cannot happen at room temperature:
the energy necessary to initiate it is many orders of magnitude too high (Rosen,
1989; Halley and Valles, 1990). It is not necessary to invoke one however to
explain the heat released in these two experiments, or in any of the countless
similar ones in electrolytic, gas or plasma discharge conditions that have since 1989
detected excess heat, new elements and tritium/helium-4 in levels not attributable
to background (Kozima et al., 1998; Kozima, 2000).
A plausible mechanism that would explain the excess heat and the new elements
has been suggested by Kozima, and it involves the palladium cathode trapping
some thermal neutrons from the air (Kozima, 1998). The various palladium
nuclides present in the cathode then would absorb some of these thermal neutrons,
forming unstable palladium isotopes which would subsequently beta-decay to silver
and, in the instances when a double beta decay route might be feasible, to
cadmium. The de-excitation energy would be relinquished by the nuclei into the
lattice as phonons, however, instead of the hard gamma rays that are emitted by the
thermonuclear reactions that happen in the interior of the stars or in the few
successful seconds of breakeven that have so far been achieved in tokamaks. The
mechanism of this de-excitation is not clear at present but Kozima has suggested a
pathway that would involve interactions with neutron drops and with high-density
neutrons surrounding the decaying nuclides (Kozima, 2000). It might even be
possible for the neutrons of the cathode to cluster into macroscopic Bose-Einstein
condensates, similar to what can be found inside a neutron star (Baym et al., 1971;
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Negele and Vautherin, 1973; Crowley, 1989; Fisher, 1998). The only role of
electrolysis is then to aggrandize, via the injection of hydrogen or deuterium into
the Pd solid state lattice, the cross section that the palladium nuclides present in the
lattice have towards the new trapped thermal neutron ensemble, making the rates of
neutron-induced transmutation to silver (and subsequently to cadmium) rise from
the levels that would naturally occur in a passively-sitting piece of palladium.
n+

108
46 Pd

109
46 Pd

n+

→
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→
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e- + ν e+ phonons

108
47 Ag

(D and H Pd cathodes)

(D and H Pd cathodes)

+ e- + ν e+ phonons

In free space, the neutron-absorption of

108
46 Pd,

(D and H Pd cathodes)

which has an abundance of 26.8% in

natural palladium, delivers a gamma ray of 6.2 MeV, and subsequently another
gamma ray of 1.166 MeV as

108
46 Pd

beta-decays to

109
47 Ag,

totaling a release of

energy of 7.31 MeV. Assuming that the mechanism suggested by Kozima works
and that this energy is released as heat instead of as radiation, the transmutation of
only ~4% of the

108
46 Pd

nuclides up to a depth of ~1 µm on the cathodes would then

release ~0.04 · 0.268 · 7 · 1022 cm-3 · 0.0002 cm · 0.5 · cm · 2 cm · 7.3 · 1.6 · 10-13
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J = 170,000 J. If this transmutation were to happen ~30% more abundantly on the
D cell cathode than on the H, the excess heat of ~60,000 J that was deduced from
the cell mass losses in the second experiment would be explained. To explain the
higher value of ~160,000 J for the excess heat that was deduced using the full
Faradaic efficiency approach, 4% more

108
46 Pd

nuclides on the D cathode than on

the H would have to trap neutrons and undergo transmutation to

109
47 Ag

up to this

depth of ~1 µm. The energy released by the transmutation of the other Pd isotope,
must also be taken into account, as well as the subsequent follow-on transmutation
of the resulting

107
47 Ag

to

108
48 Cd,

which would according to the results of the EDS

characterization happen much more preferentially on the H cell cathode than on the
D cell cathode. Nevertheless, these figures clearly indicate that the observed levels
of transmutation on the cathodes following electrolysis are consistent with the
magnitude of the excess heat that was observed if the trapped-thermal-neutron
model is adopted.
Deuterons also are expected to absorb neutrons, transmuting into the unstable
nucleus of tritium, which then decays naturally to helium-3. Hence the occurrence
of this process among the deuterons in the D cell cathode is another avenue through
which the excess heat can be accounted for. Protons can in principle absorb
neutrons as well, but their cross section is too small, and so the analogous process
among the protons in the solid-state lattice of the H cell cathode can be neglected:
n + 21 D → 31 H + phonons

(D Pd cathode only)
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3
1H

→ 31 He + e- + ν e+ phonons

(D Pd cathode only)

In free space, the reaction n + 21 D → 31 H delivers a γ photon of 6.25 MeV. In the
solid-state environment of palladium, however, the energy would be released as a
phonon instead of as a photon, and hence would be detected as pure heat (Kozima
et al., 1998; Kozima, 2000; Hagelstein, 2000).

It would only take

0.13 J/s
= 1.3·1011 events of this sort per second to account for the value
6.25·1.6 ·10-13 J

0.13 W of the excess heat that was estimated from the cell mass losses. Only
5.6·1016 deuterons would have had to undergo a neutron absorption of this sort to
produce all the heat that was observed in the 7034 steady-state minutes of the
experiment with the right polarity. If the D cell cathode got fully loaded, there
would be 0.0036 moles · 6.02 · 1023 = 2.2 · 1021 deuterons available in the cathode:
i.e., the absorption of a neutron by only 0.0025% of the deuterons present in the
cathode would be sufficient to account for the excess heat.
It is also plausible that the presence of deuterium in the solid-state lattice of the D
cell cathode blocks off some of the neutrons that would have been absorbed
otherwise by the palladium and silver nuclides, explaining why the double
transmutation to cadmium occurred in the H cell cathode but was virtually absent in
the D cell cathode.
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Related results that have been reported by other researchers:
In the first experiment that was performed at Portland State University (from now
on referred to as the PSU-1 experiment), the heat results were not of good quality.
The observed excess heat in the second experiment that was performed at Portland
State University (from now on referred to as the PSU-2 experiment) was 0.13±0.03
W, 0.38±0.06 W if the heat was calculated by the Faradaic approach. This excess
heat is in line with what has been reported by other researchers. Given that the
portion of the cathode of the heavy water submerged in the electrolyte of this PSU2 experiment had an area of ~1 cm2 and a volume of ~0.03 cm3 (corresponding to
~0.4 grams of Pd metal), the observed heat (0.13-0.38 W/cm2, 3-12 W/cm3, 0.3-1
W/g, 5-16% of the power input) is consistent with many experimental results in the
field:

•Celani et al. (1994) has reported 12.5% of the power input with a highpower pulsed current. Celani’s Pd cathodes measured 1 mm x 25 mm x 25
mm. The Pd was TANAKA K.K., had a very high hardness value, had been
cold-worked, and had reached its high hardness via doping (2780 ppm of
impurities had been deliberately placed in the melting preparation of this
material). As in the PSU-2 experiment, the anode in Celani’s tests was Pt
(though of a wire net kind), and was placed ~1 cm from the cathode.
Celani’s electrolyte was LiOD 0.3 M in D2O. The blank tests in Celani’s
experiment used an Au plate instead of Pd. During the tests, the pulse peak
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current was 60 A and the width of the pulse was 0.5 µs. The pulse repetition
rate was initially set at 5 KHz (0.164 A mean current). It was at this pulse
repetition rate of 5 KHz that the 12.5% excess power of the Pd sheet over
the Au sheet was measured. The pulse frequency range was varied from 5 to
20 KHz, with no detected effect on the excess heat. At the 2-3 W input
power range of the PSU-2 experiment, Celani’s excess heat was 0.25-0.37
W, 0.04-0.06 W/cm2, 0.4-0.6 W/cm3 or 0.03-0.05 W/g. It is significant that
two other cold-worked Pd sheets of the same dimensions (one of them of
the same TANAKA K.K. material) produced no excess heat: the nonexcess-heat producing Pd sheets in Celani’s experiment, however, received
their 16 A-peak-value, 5KHz pulse for only 500 ns (64 mA mean current),
as opposed to the 1800 ns of the excess-heat-producing sheet (164 mA
mean current).

•Miles and Bush (1994) have reported 0.1-2.5 W/cm3, 0.008-0.21 W/g and
0.03-0.26 W/cm2 (absolute excess power 0.03-0.06 W) for several Pd
cathodes under electrolysis in (initially) 0.1 M LiOD + D2O. The main
finding by Miles and Bush, however, was that the 4He concentrations after
electrolysis would be correlated with the measured excess heat if somehow
the direct d-d nuclear fusion reaction occurred and the 23.8 MeV of this
fusion reaction were released as pure heat. It is well known that
2

D ( 2 D ,γ) 4 He , which is the nuclear reaction invoked by many workers in
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the field to explain some experimental results, needs many millions of oC to
be initiated at appreciable rates, and then delivers its 23.8 MeV of energy as
a high-energy gamma ray. The possibility that such a reaction could be
induced at room temperature and could be made to deliver its energy in heat
form instead of as a gamma ray is still not considered seriously by most
physicists despite growing evidence that in a solid state environment like
the lattice structure of palladium such a modification of

2

D ( 2 D ,γ) 4 He

could actually occur. The lack of other explanations (chemical, artifactbased) for the excess heat and the sometimes correlated 4He increased levels
after experiments like those of Miles and Bush is the primary reason why
the

solid-state-screened,

gamma-ray-suppressed

d-d

nuclear

fusion

hypothesis is taken into consideration by some (Hagelstein, 2000; Chubb
and Chubb, 2000), although Kozima’s conventional, trapped-neutron-based
approach might provide an alternative route to understand the phenomenon
(Kozima et al., 1998; Kozima, 2000).

•Ota et al. (1994) have reported excess heat in many runs using Pd cathodes
as well as Pd-Ag alloys of 90%Pd-10%Ag and 75%Pd-25%Ag
composition. The electrolyte used in all runs was LiOD in D2O. 1 M LiOD
was employed in most cases but heat was also reported from 0.1 M LiOD in
one instance. In one run, with a Pd0.9Ag0.1 rod-shaped cathode of 5 mm
diameter and 1 cm length, a 220 hour long heat burst of 3.6 · 106 J was
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reported (4.5 W average). That corresponded to 9 W/cm2, 22.7 W/cm3 or
~1.9 W per gram of alloy, which, bearing in mind that in this run the input
power was 10 W, is in the same range as the excess heat observed in the
2.33-W-power-input PSU-2 experiment. The current density in this run of
Ota et al. varied between 0.25 and 0.89 A/cm2, similar to the 0.75/cm2 in
the PSU-2 experiment. It is interesting that in this particular run by Ota et
al., the cathode had been mechanically treated (six notches of 0.2 mm width
and 2 mm depth had been cut into it), compressed and quenched at 750 oC.
The control cells used for calibration in the experiment of Ota et al. had Pt
wires for both the anode and the cathode and employed a 1 M LiOH H2O
solution. The average excess heat in the 220 hour burst observed by Ota et
al. was 6.5% of the input power; the peak was 13%. Pure Pd cathodes also
gave excess heat in other runs performed by Ota et al., with peak values of
3%, 2%, 9%, 3%, 3% and a solitary record-setting run that gave a 74% peak
excess power. Two runs with pure Pd cathodes, however, failed to produce
excess heat (-3% and -2% were the values of the average excess power):
both were performed in the low concentration, 0.1 M LiOD electrolyte. By
contrast, the initial H2SO4 concentration in the D2O cell of the PSU-2
experiment was over 2.6 M.
The main reference, however, is Keefe’s forerunner two experiments at PSU, which
employed almost identical materials and methods. Keefe (1990) reports for his first
experiment (Pd cathodes: 0.03 mm x 5 mm x 3 cm; Pt anodes 0.03 mm x 2 cm x 2
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cm) that for the last 15 hours of electrolysis, the temperature of the D cell exceeded
the temperature of the H cell by an average of 1.1 oC even though 3% less power
was going into the D cell. Given the fact that Keefe’s cells had a recombination
catalyst, that corresponded to 0.23 W excess heat (for a 1.8 W input power). In the
initial hours of Keefe’s first experiment, though, the H cell was slightly warmer,
and so the total excess heat averaged for the whole continuous 2700 minutes of
Keefe’s first experiment was basically zero. In Keefe’s second experiment, which
lasted a total of continuous 10080 minutes, the average excess heat was 0.2 W with
2.3 W power input (9% excess power), and the last 96 hours maintained 0.34 W. In
this second experiment of Keefe, the Pd cathodes measured 0.35 mm x 2.5 mm x 4
cm and had 1 cm2 exposed to the electrolyte, so 0.2 W corresponded to 0.2 W/cm2,
5.7 W/cm3, or 0.5 W per gram of exposed Pd, all matching the results of the PSU-2
experiment. The relatively long incubation period required for excess heat to begin
showing up in Keefe’s two experiments (35 hours for his first experiment and 24
hours for his second) is typical in this kind of Pd-D2O-based electrolytic
experiment (Storms, 1991).
The cathodes of Keefe’s second experiment were found to contain Au after
electrolysis (Noble, 1994; Noble et al. 1995) on localized microscopic plateaus that
had appeared facing the anode (on two spots of Keefe’s light water cathode the Xray peaks were almost as high as those of Pd itself). No Ag or Cd were found
(though in one of the spectra from the light water cathode the height of a Pd Lβ
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peak relative to its corresponding Pd Lα peak was compatible with a tenuous trace
of Ag). There is no clear explanation for this.
After Nicholas (1992) subjected Keefe’s second experiment cathodes to extra
electrolysis time, totaling about 400 hours, Noble (1994) found gold on them, and
Dash, Noble and Diman (1994) confirmed that more gold was present on Keefe’s
Pd heavy water cathode than on his light water cathode. In another D2O+H2SO4
versus H2O+H2SO4 experiment using 0.03 mm Pt foil anodes, 0.055 mm Pd foil
cathodes and a 0.7 A/cm2 current density, Ag was found at surface eruptions close
to the edges of the cathodes where some form of melting seemingly occurred, but
not elsewhere, and Au was not found (Dash, Noble and Diman, 1994). In this
subsequent experiment, the D2O+H2SO4 cell again produced ~0.1 W excess heat
relative to the H2O+H2SO4 cell.
Recently, Szpak et al. (2002) have electrodeposited palladium deuteride on copper
in an open cell. Excess heat, X-rays and tritium levels ten times above background
have been detected. A palladium-boron alloy seemed to be highly successful at
reproducing sustained heat generation, as Miles also studied. According to the work
of Szpak et al. (1991, 2002), pulverized palladium (which is what was accidentally
produced in the first run of the PSU-2 experiment when the D cell was hooked up
with the wrong polarity by mistake) facilitates reliable excess heat production. This
might explain why the onset of excess heat was so quick in the PSU-2 experiment
and the heat was of such repeatable high-quality run after run, compared to the
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PSU-1 experiment, in which the polarity of the D cell was not reversed for the first
minutes.
Substantial work remains to be done until the full mechanism that produces excess
heat and new elements in experiments like this, if this general mechanism is indeed
the same for all of these experiments, may be understood, though Kozima’s
trapped-neutron-catalyzed nuclear transmutation model (Kozima et al., 1998;
Kozima, 2000) is clearly a very promising start.
Storms (1991), in summarizing the status of the field, detects an apparent overall
pattern in all the experiments that have been successful at detecting excess heat so
far: the power yield density seems to be proportional to the applied current density
once this power density exceeds a certain minimum onset value of ~0.1 A/cm2 (the
current density in the PSU-2 experiment was ~0.7 A/cm2).
Nevertheless, Warner at Portland State University, who has conducted many
experiments with D2O+H2SO4 electrolytic systems using titanium cathodes and
platinum anodes and has observed excess heat and new elements in a good fraction
of them (Warner, 1998; Warner, 2001), suspects that there might be special current
densities for which the power yield of the cell reaches special maximums as if
some kind of resonance were involved (Warner, in private communication).
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SUMMARY AND CONCLUSIONS:
Two experiments have been performed. In each experiment, two cells were
connected in series and thus received the same current of 0.75 A. The two cells
were identical except for the fact that the heavy water cell used heavy water instead
of light water in the electrolyte. Both cells in each experiment employed Pd
cathodes (with dimensions of 22 x 3 x 0.35 mm in the first experiment and 22 x 5 x
0.27 mm in the second), Pt anodes (with dimensions of 25 x 12 x 0.1 mm), and
some amount of H2SO4 in the solution to improve electrical conductivity.
The new software to measure excess heat had not arrived in the first experiment but
the indication was that the light water cell was slightly warmer despite receiving
slightly less power. In this first experiment, the cathode of the light water cell
finished slightly more bent than the cathode of the heavy water cell, which suggests
that more heat-releasing microscopic activity took place in the former one. Small
amounts of silver were found on both cathodes after electrolysis. In a small cranny
on the heavy water cell cathode after electrolysis, concentrations of Ag surpassing
20% that of Pd were found.
The second experiment was conducted as soon as the new software to measure heat
had arrived, and the heavy water cell produced an excess heat relative to the
light water cell that was too large by at least an order of magnitude to be
explainable by chemical reactions or mechanical artifacts. Excess heat was
observed in 14 out of 17 runs. In this second experiment, the light water cathode
82

finished very straight. Still, small and variable amounts of Cd (3-4%) were
found over the surface of this light water cathode. This Cd could not be
attributed to contamination. The heavy water cell cathode finished severely
arched (~30o), the convex side facing the anode, and thickly covered in a deposit of
black powdery substance which was most likely PdS and which had formed by
accident in the first day of this experiment when the heavy water cell had been
hooked up with the wrong polarity. SEM analysis confirmed that S was present in
this black powdery coating. On this heavy water cell cathode, there was no Cd
but Ag was present in 2-5% concentration. These levels could not be
attributed to background and the Ag peaks in the X-ray spectrum were
unmistakable and statistically well above background. In a localized nook, the
concentration of Ag surpassed 20% that of Pd. The most likely explanation is
nuclear transmutation.
Other researchers have made many similar findings (Keefe, 1990; Storms, 1991;
McKubre et al., 1994; Noble, 1994; Dash et al., 1994; Arata and Zhang, 1994; Ota
et al., 1994). Various theories have been advanced to explain how nuclear
transmutations in solid-state environments could relinquish energy as direct heat
instead of as the usual high-energy radioactive byproducts (Kozima, 2000;
Hagelstein, 2000), but the reality is that the mechanism that generates all the excess
heat remains largely unknown. As any other avenue of research with promise of
leading to a novel and clean energy source, the study of these phenomena should be
continued (Riley and McLaughlin, 2001).
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APPENDIX A:
CALIBRATION OF THE TEMPERATURE SENSORS
IN THE SECOND EXPERIMENT

The two Radio-Shack LCD Dual Display Indoor/Outdoor thermometers read the
temperature with their 3 foot long sensors to ±1 oC and were be calibrated after the
second experiment with the help of a mercury thermometer, a water bath and a
stove. The relationship between the digital thermometer reading in oC x and the
mercury thermometer temperature in oC turned out to be:
T = 0.96x + 0.96

R2 = 1.00,

(A.1)

for the digital sensor that went to the bottom of the H cell, and:
T = 0.97x + 1.26

R2 = 1.00

(A.2)

for the digital sensor that went to the bottom of the D cell.
The calibration of the thermocouples was done in a similar fashion.
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APPENDIX B: THERMAL EVOLUTION OF CELLS IN
THE FIRST EXPERIMENT
In the first experiment, the indications from the strip chart recorder were that the H
cell was slightly warmer than the D cell. The H cell temperature began to exceed
the D cell temperature within one hour of switch-on of the first run of this
experiment on October 29, 2001, right after steady-state was achieved.
Over the course of this first 30.9 hour run, the H cell lost 8.35 grams (0.463 moles
of H2O) and the D cell lost 9.17 grams (0.459 moles of D2O).
FIG. 20: Thermal evolution of the cells in the first run of the first experiment. Ambient
temperature was recorded at the midpoint between the cells. The error of the temperature
points is estimated at ±1 oC.
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The loss over the second 30 hour run of this first experiment was 7.95 grams (0.442
moles of H2O) for the H cell and 10.26 grams (0.513 moles of D2O) for the D cell.
FIG. 21: Cells’ thermal evolution in the second run of the first experiment. Ambient
temperature was recorded in the midpoint between the cells. The error of the temperature
points is estimated at ±1 oC.

Figure 2: First experiment, 2nd run, November 1-2, 2001
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After this first experiment, the cathode of the H cell finished slightly more bent
towards the anode (∼10o) than the cathode of the D cell.
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APPENDIX C: DETAILED FOLLOW-UP OF SECOND
EXPERIMENT

This appendix is a day-by-day follow-up of the second experiment.

■Run of December 21, 2001
Power was switched on on December 21, 2001 at 4:03 PM for the first run of
electrolysis. It would be found later that in this first run the D cell had been run
with the polarity switched by mistake.
With the H cell at 3.20 V and the D cell at 2.80 V it took the D cell only a few
minutes to exceed the H cell in temperature. At 4:15 PM, the two thermocouples of
the H cell were reading 23 oC (cathode side) and 24.2 oC (anode side); while the
thermocouples of the D cell were already reading 24.5 oC (cathode side) and 25 oC
(anode side), after correcting for calibration. By 5:03 PM steady-state had been
reached. The cathode side of the H cell was at 30.1 oC while the cathode side of the
D cell was at 31.3 oC. At this point the H cell was at 3.20 V while the D cell was at
2.72. Unfortunately, at 8:24 PM the D cell developed a short-circuit and the data
acquisition had to be aborted for the day. The circuit was switched off. At that
point, the recordings had become rather erratic but the obviously valid readings
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gave a calibration-corrected temperature of 33.1

o

C for the cathode side of the D

cell in contrast to 31.7 oC for the same side of the H cell.
It was noticed that the electrolyte of the D cell had become almost totally black, to
the point that the electrodes were hard to see. It would be realized on the next day
that this had been because of the accidental switching-on of the D cell with the
wrong polarity, which had dissolved palladium.
FIG. 22: Power input versus temperature chart for the cells in the run of December 21,
2001. The estimated error bar of the temperature readings in all the runs of this second
experiment was ±0.4 oC, the standard deviation of the thermocouple recordings. It is also
approximately the size of the temperature data points in the graphs.

Run of December 21, 2001, with D polarity reversed.
Duration: 261 minutes.
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■Run of December 22, 2001
In the following morning the cells were removed from their positions in the circuit
and weighed. The H cell had lost 1.37 grams (0.076 moles of H2O) and the D cell
had lost 1.11 grams (0.055 moles of D2O) since the previous weighing just before
the start of the first run. A cluster of blackish threads had originated from the
anode and bridged to the cathode. Other threads had come to settle overnight at the
bottom of the D cell. The substance that made up those threads, probably PdS or
PdO, had been in suspension in the previous run in the electrolyte and had clearly
been responsible for its black coloration. It was then that it was realized that the
anode of the D cell had been used as cathode by mistake.
The data of the previous day were still valid, however. In fact, the blackish flakelike coating had been found before in another experiment reported in the literature5
in which the Pt terminal had been used as working cathode and excess heat had
been detected in the D cell. Nevertheless, it was better to resume the experiment as
originally intended and the electrodes of the D cell were hooked up properly.
A brief run was then taken from 9:12 PM to 9:38 PM on December 22 2001. The H
cell voltage was set at 3.19 V and the D cell at 2.87 V. Two minutes into the run,
the H cell was averaging (after correcting for calibration) 21.3 oC compared with
24.2

o

C of the D cell. Seven minutes into the run, the D cell was registering

already 24.7 oC while the H cell was still lingering at 21.8 oC. At the end of this
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brief run, the cathode side of the D cell was at 31.8 oC while the H cell cathode
side was at 25.2 oC.
A partial explanation for such a surprisingly high temperature of the D cell
compared to the H cell might have been that the D cell was set 0.6 V higher than
the H between minute 5 and minute 12 of this brief run.
It was noteworthy that the blackish, thread-like material in the D cell electrolyte
had then switched from the anode to the cathode. The substance had dangled
around rather flaccidly during the run but seemed to condense around the cathode
after the current was switched off.
FIG. 23: Power input versus temperature chart for the cells in the run of December 22,
2001.

Run of December 22, 2001. Duration: 26 minutes.
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■Run of December 23, 2001
The third run was started in the afternoon of December 23 2001 at 12:57 PM.
After running for 75 minutes, the Radio-Shack LCD Dual Display temperature
sensor underneath the D cell, which was at 2.89 V, was already reading a
calibration-corrected temperature of 25.4 oC, while the probe under the H cell,
which was at 3.16 V, was displaying 25.1 oC. Meanwhile the cathode-side
thermocouples were registering calibration-corrected temperatures of 33.7 oC for
the D cell and 28.9 oC for the H cell. At 2:24 PM the D cell had clearly surpassed
the H cell, displaying 26.1 oC for 25.5 oC of the H cell, with the H cell voltage at
3.16 V and the D cell voltage at 2.91 V.
At 2:37 PM the gap in favor of the D cell was already 0.9

o

C. At 3:13 PM, the

cathode side of the H cell was at 29.3 oC while the cathode side of the D cell was
at 29.6 oC. The H cell was receiving 3.14 V while the D cell was receiving 2.89 V.
At 3:15 PM, 2h18’ into the run, the cathode side of the H cell was reading
(correcting for calibration) 30.6 oC while the same area on the D cell was at 32.5
o

C. The probe underneath the H cell read 25.9 oC and the one underneath the D cell

read 26.2 oC, which translated to a 0.6 oC difference in favor of the D cell after
correcting for calibration. The D cell was clearly warmer. The D cell was at 2.67 V
while the H cell was at a full 3.13 V, which was very significant.
Data acquisition was stopped at 3:42 PM for the day.
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The cells were removed from the circuit and weighed at 5:30 PM: the H cell had
lost 2.33 grams (0.13 moles of H2O) and the D cell had lost 1.80 grams (0.09 moles
of D2O) in the accumulated 7h33’ total of electrolysis since the start of the first run.
FIG. 24: Power input versus temperature chart for the cells in the run of December 23,
2001.

Run of December 23, 2001. Duration: 166 minutes.
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■Run of December 27, 2001
On December 27 2001 a new run was started at 3:30 PM with temperature data
being acquired by the thermocouples every 2 minutes.
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On this day, the D cell lagged just below the H cell all afternoon and did not
manage to surpass the latter in temperature. The D cell throughout this whole
session at an average of 2.82 V, while the H cell was at an average of 3.09 V.
At 4:59 PM, for example, the rear of the D cell was at 31.7 oC while the rear of the
H cell was at 31.2 oC, but the front of the D cell was at 32.5 oC while the front of
the H cell was at 33.3

o

C, according to the thermocouples. The bottom of the D

cell was at 26.8 oC while the bottom of the H cell was at 27 oC. The H cell was at
3.12 V while the D cell was at 2.82 V.
FIG. 25: Power input versus temperature chart for the cells in the run of December 27, 2001.
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■Run of January 7, 2002
A fresh run was started at 9:19 AM on January 7 2002.
As early as 11:44 AM, the D cell had surpassed the temperature of the H cell, even
though the D cell had been all along at 0.3 V less voltage. The rear of the D cell
was at 33 oC compared with 30 oC of the H cell rear. The bottom of the D cell was
at 27.6 oC compared with 27.5 oC of the H cell bottom. The cathode of the D cell
was clearly bent backwards from the anode 45o, its convex side facing the anode,
and the black substance had formed a coat around it. By contrast, the cathode of the
H cell looked the same as before the start of electrolysis.
At 3 PM the bottom of the D cell was at 28 oC while the bottom of the H cell was
at 27.8 oC. The H cell was at 3.10 V while the D cell was at only 2.81 V.
Upon switching off the circuit that night at 9:30 PM the two cells were stable and
registering basically the same temperature at their bottoms: the H cell was reading
29 oC and the D cell was reading 29 oC, but the H cell was at 3.07 V while the D
cell was at only 2.89 V. The thermocouple at the front of the H cell was at that
moment reading 32.6 oC while the one at the back of the D cell was reading 32.4
o

C.
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FIG. 26: Power input versus temperature chart for the cells in the run of January 7, 2002.
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■Run of January 8, 2002
The next run was started at 9:57 AM on the morning of January 8, 2002, and by
11:18 AM the D cell had caught up with the H cell despite having been at 0.2 V
less voltage (the D cell had been at 2.91 V and the H cell had been at 3.13 V). At
that point, the bottoms of both cells were at 27.6 oC. For the rest of the day the two
cells remained at basically the same temperature, with the D cell receiving ~10%
less power.
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To get a confirmation that the thermocouple readings were accurate the decision
was adopted to use a HH 82 Digital thermometer with another thermocouple as
sensor. This instrument with this particular thermocouple as sensor was later
calibrated with the use of the same mercury thermometer that had been used to
calibrate the cell thermocouples. With this new HH 82 instrument, the cathode side
of the electrolyte-covered portion of D cell glass was measured to be clearly
warmer than the corresponding area of the H cell. When in contact with the H glass
the sensor read between 29 and 30 oC, while when in contact with the D glass the
sensor read between 30 and 31 oC, with occasional excursions up to 32 oC. The H
cell was at this point at 3.30 V with the D cell at only 2.84 V. The experiment was
switched off at 8:44 PM for the night.
FIG. 27: Power input versus temperature chart for the cells in the run of January 8, 2002.

Run of January 8, 2002. Duration: 647 minutes.
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■Run of January 9, 2002
On January 9 2002 the circuit was switched on at 12:56 PM.
The two cells remained at the same temperature all afternoon with the H cell
receiving 8-10% more power. At around 5:42 PM the D cell seemed to slightly
overtake the H cell in temperature.
At the end of the evening the bottom of the H cell was at 30.4 oC while the bottom
of the D cell was at 30.6 oC. The H cell was at 3.34 V while the D cell was at 2.90
V. The experiment was switched off at 8:33 PM for the night.
FIG. 28: Power input versus temperature chart for the cells in the run of January 9, 2002.

Run of January 9, 2002. Duration: 462 minutes.
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■Run of January 10, 2002
On the morning of January 10 2002, with the circuit having been off all night, the
probes underneath the cells both read 20 oC. The mercury thermometer between the
cells read 20.1 oC.
Current was switched on at 9:01 AM. The H cell seemed to warm up faster, but by
10:24 AM the D cell had according to the bottom sensor display already caught up
with the H cell. At this point the D cell was at 2.94 V with the H cell at 3.27 V. The
HH 82 Digital sensor confirmed that the D cell was getting warmer, unmistakably
displaying 28/29 oC for the back of the H cell in the area where the sensor’s
thermocouple was positioned, and 29/30 oC for the back of the D cell at
approximately the same position. It was taking less time for the cells to reach the
point at which the D began to overtake the H.
By 12:22 PM the gap had already opened up to 0.3 oC in favor of the D cell. The D
cell was receiving 8% less power.
The experiment was very promising and so at 12:26 PM the circuit was
disconnected in order to re-hook the thermocouples to the board in single-ended
mode, which the Keithley staff assured worked better.
In the single-ended mode, the positive leg of the thermocouple in each channel is
hooked up to the channel pin while the negative leg of the thermocouple is hooked
up to the Ground pin.
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FIG. 29: Power input versus temperature chart for the cells in the run of January 10, 2002.

Run of January 10, 2002. Duration: 205 minutes.
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■Run of January 11, 2002
On January 11 2002 the circuit was switched on at 3 PM after the thermocouples
had been successfully tested in the new mode. At 4:20 PM, the D cell was already
surpassing the H cell: the thermocouples were registering 31.6 oC for the rear of
the H cell and 31.9 oC for the rear of the D cell; 31.8 oC for the front of the H cell
and 31.9 oC for the front of the D cell, with the probes at the bottom reading 29.4
o

C for the H cell and 29.4 oC for the D cell, all after correcting for calibration. The

D cell was at 2.94 V while the H cell was at 3.27 V.
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The experiment was switched off at 6:52 PM for the night.
FIG. 30: Power input versus temperature chart for the cells in the run of January 11, 2002.
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■Run of January 14, 2002
Shortly after switch-on at 9:57 AM on the following day, it was noticed that the
cathode of the H cell was bending slightly towards the anode; the D cell cathode
was bent back from the anode, subtending ~30o with the horizontal, and covered in
the blackish powdery coating.
At 3:15 PM the digital thermometer whose sensor was affixed to the bottom of the
D cell was displaying 28.8 oC while the sensor that was affixed to the bottom of the
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H cell was displaying 28.7 oC. Applying the slightly different calibrations of the
two digital thermometers, this meant that the bottom of the D cell was already
leading the bottom of the H cell by 0.4 oC. At this point the temperatures according
to the thermocouples were 30.4 oC for the rear of the H cell and 32.1 oC for the rear
of the D cell, 30.9 oC for the front of the H cell and 31.4 oC for the front of the D
cell. The D cell was at only 3.05 V with the H cell at 3.28 V.
For the rest of the day until 9:50 PM when the circuit was switched off the D cell
remained at the same temperature as the H cell or slightly warmer, with the H cell
at 3.30 V and the D cell at 3.04 V.
FIG. 31: Power input versus temperature chart for the cells in the run of January 14, 2002.
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Run of January 14, 2002. Duration: 722 minutes.

45

3

40

Cell power
input
(Watts)

35

2

30
25

1

20

D cell temperature
(two thermocouple
average)
Ambient temperature
(CJC)
Power into H cell

H cell was briefly shorted

15
2800

H cell temperature
(two thermocouple
average)

0
3000

3200

3400

3600

Power into D cell

Electrolysis time (min)

116

■Run of January 15, 2002
On January 15, 2002 the experiment continued.
At 11:49 in the morning, only 1h26’ after switch-on, the D cell temperature had
already reached the H cell temperature and was rising. The D cell bottom was
displaying 28.6 oC compared with the H cell bottom display of 28.1 oC, and this
without adjusting for the calibration correction. The thermocouples at this moment
were reading 30.2 oC for the rear of the H cell and 31.5 oC for the rear of the D cell,
after adjusting for calibration. For the front of the cells the calibration-corrected
temperatures were 29.5 oC for the H cell and 30.4 oC for the D cell. At this point
the H cell was at 3.32 V with the D cell at only 3.07 V.
This small but clear temperature elevation of the D cell seemed to be maintained
over time.
At 1:11:45 PM the H cell bottom sensor was displaying 29 oC while the D cell
bottom sensor was displaying 29.4 oC. The H cell voltage was 3.34 V while the D
cell voltage was 3.08 V.
At 2 PM the front of the H cell was at 31.6 oC while the front of the D cell was at
32 oC. The back of the H cell was at 31.4 oC while the back of the D cell was at
32.9 oC. The bottom of the D cell was 0.6 oC warmer than the bottom of the H cell,
after correcting for calibration. The H cell required 3.33 V while the D cell required
only 3.07 V.
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At 4:09:51 PM the D cell was still leading the H cell by 0.6 oC. At this moment the
thermocouples were registering 31.7 oC for the rear of the H cell and 32.8 oC for
the rear of the D cell; 30.8 oC for the front of the H cell and 31.7 oC for the front
of the D cell, after adjusting for calibration.
At 4:33 PM the probe underneath the H cell was displaying 29.8 oC while the probe
underneath the D cell was displaying 30.2 oC. The thermocouples were registering
31.9 oC for the back of the H cell and 33.4 oC for the back of the D cell; 30.7 oC
for the front of the H cell and 31.9 oC for the front of the D cell after correcting for
calibration. The H cell was at 3.32 V with the D cell at only 3.09 V.
An independent confirmation was needed and hence use was made again of the HH
82 digital sensor, which on its screen displayed 30 oC directly underneath the H cell
and 30.2 oC under the D cell in the same position. At this instant the H cell was at
3.36 V with the D cell at only 3.10 V.
At 8:36 PM the H cell was receiving 3.45 V and was at 30.4 oC at its bottom; the D
cell was receiving 3.12 V and was at 31.1 oC at its bottom.
The experiment was switched off at 10:18 PM.
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FIG. 32: Power input versus temperature chart for the cells in the run of January 15, 2002.

Run of January 15, 2002. Duration: 715 minutes.
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■Run of January 16, 2002
The circuit was switched on at 10:08 AM on January 16 2002: within 16 minutes
the D cell temperature had already surpassed the H cell temperature, the H bottom
was at 29.7 oC while the D cell bottom was already at 30.4 oC. At this point the H
cell was at 3.68 V with the D cell at 3.48 V.
At noon the bottom of the H cell, which was at a voltage 0.33 V higher than the D
cell, was already trailing a full 0.7 oC behind the bottom of the D cell.
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At 2:57 PM the bottom of the H cell was at 31.3 oC while the probe at the bottom
of the D cell was at 31.8 oC. The H cell at this point was at 3.56 V with the D cell at
only 3.23 V.
At 4:06 PM the temperature gap between the two cells had increased. The bottom
of the H cell was at 31.2 oC while the bottom of the D cell was at 32.1 oC. The H
cell was at 3.55 V while the D cell was at only 3.31 V. In search of possible
artifacts that could detract from these remarkable results, the positioning of the
thermocouples was inspected more closely. It was the same for both cells.
At 4:29 PM the temperature gap had stabilized. The Radioshack digital
thermometers sensors were displaying 31.2 oC for the bottom of the H cell and 31.9
o

C for the bottom of the D cell. At this point the D cell was at 3.31 V while the H

cell was at 3.52 V.
For the subsequent three hours the bottom of the D cell continued leading the
bottom of the H cell by 0.6 oC with the D cell at a voltage 0.2 V lower than the H
cell.
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FIG. 33: Power input versus temperature chart for the cells in the run of January 16, 2002.

Run of January 16, 2002. Duration: 681 minutes.
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The experiment was switched off at 9:30 PM for the night. Upon switch-off, the
bottom of the D cell was at 32.8 oC while the bottom of the H cell was at 32 oC, and
the D cell was at 3.35 V, 0.23 V less than the H cell. The blackish material in the
D cell electrolyte had now dissolved into particles, forming a deposit around the
cathode.

■Run of January 17 2002
On January 17, 2002, power was switched on at 9:55 AM.
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At 10:57 AM, the H cell bottom sensor was displaying 30.3 oC and the D cell
bottom sensor was displaying 30.6 oC, with the voltages essentially unmoved, 3.61
V for the H cell and 3.40 V for the D. A double-check was then conducted to
confirm these readings. Were the cells still properly aligned? Were the bottom
sensors still in the same positions relative to the electrodes? Had a sudden
temperature gradient been introduced in the room? These questions had to be asked
constantly.
The next thermocouple pass returned 29.6 oC for the back of the H cell and 32.2 oC
for the back of the D cell; 30.3 oC for the front of the H cell and 31.5 oC for the
front of the D cell, after correcting for calibration.
At 11:10 AM, 1h 15 minutes into the run, the digital display for the D cell bottom
was 31.3 oC while the digital display for the H cell bottom was 30.6 oC. That meant
that the D cell was more than 0.9 oC warmer than the H cell after bearing in mind
the slightly different calibrations of both digital thermometers. The voltage was
about 0.19 V greater for the H cell. The bulb midway between the cells was reading
the same ambient temperature as the CJC: ~20.6 oC. So there could be no crossover
effect of one cell receiving more heat than the other. In fact if there was any such
effect it would only tend to equalize the temperatures of the cells and hence take
away from whatever temperature gap one could open on the other.
In the next temperature check, at 11:12 AM, the H cell bottom sensor was
displaying 30.7 oC, and the D cell bottom sensor was displaying 31.4 oC.
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In the next manual temperature check, at 11:31 AM, the probe at the bottom of the
H cell bottom was displaying 30.9 oC, while the probe at the bottom of the D cell
was displaying 32 oC. The voltage of the H cell at this point was 3.58 V, while the
D cell voltage was 3.39 V. The next (calibration-corrected) thermocouple return
was 29.1 oC for the rear of the H cell and 32.7 oC for the rear of the D cell; 31.2 oC
for the front of the H cell and 31.5 oC for the front of the D cell.
At the end of the run, at 9:51 PM, the H cell bottom display was 31.9 oC while the
D cell bottom display was 33.2 oC. At that point, the voltage of the H cell was 3.54
V and the voltage of the D cell was 3.36 V. The experiment was switched off at
9:53 PM for the night.
FIG. 34: Power input versus temperature chart for the cells in the run of January 17, 2002.

Run of January 17, 2002. Duration: 718 minutes.
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■Run of January 18, 2002
On Friday January 18 2002, the current was switched on at 9:21 in the morning.
At 12:12 PM the voltage of the D cell was 3.52 V and the voltage of the H cell was
3.69 V. The bottom digital sensor displays were 31.9 oC for the H cell and 33.8 oC
for the D cell. That was a 1.9 oC lead which after adjusting for the slightly different
calibration of the two digital thermometer sensors was actually 2.2 oC.
At 3:04 PM the voltage of the H cell was stable at 3.75 V and the voltage of the D
cell was stable at 3.50 V. The bottom sensor digital displays were 32.5 oC (H cell)
and 33.7 oC (D cell).
At 3:53 PM the H cell was at 3.73 V and the D cell was at 3.51 V. The bottom
sensor digital display was 32.6 oC for the H cell and 34.1 oC for the D cell.
At 4:33 PM the voltages were 3.71 V (H cell) and 3.51 V (D cell), and the bottom
sensor digital displays were 32.7 oC for the H cell and 34.2 oC for the D cell.
At 9:06:58 PM, just before switch-off, the voltages were 3.72 V (H cell) and 3.50 V
(D cell). The bottom sensor digital displays were 32.6 oC for the H cell and 34.2 oC
for the D cell.
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FIG. 35: Power input versus temperature chart for the cells in the run of January 18, 2002.

Run of January 18, 2002. Duration: 708 minutes.
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■Run of January 22 2002
On Tuesday January 22 2002 the experiment was resumed at 10:10 AM.
At 10:55 AM the bottom sensor digital displays for both cells were 29.4 oC. At that
point the voltage of the H cell was 3.72 V and the voltage of the D cell was 3.49 V.
At 1:21 PM the H cell was at 3.81 V while the D cell was at 3.45 V. This still did
not preclude the bottom digital sensors from displaying a temperature 1.1 oC higher
for the D cell than for the H: the D cell bottom was displaying 33.6 oC while the H
cell bottom was displaying 32.5 oC. After correcting for calibration, the gap was 1.4
o

C.
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At 4:08 PM the H cell was at 3.79 V and the D cell was at 3.45 V. The digital
display was 32.7 oC for the bottom of the H cell and 34.1 oC for the bottom of the D
cell. The experiment was finally switched off at 4:10 PM.
FIG. 36: Power input versus temperature chart for the cells in the run of January 22, 2002.

Run of January 22, 2002. Duration: 361 minutes.
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Two more thermocouples were then added to each cell, one to monitor the
temperature at the bottom, to replace the Radioshack digital sensor, and another to
monitor the temperature at the top.

■Run of January 23 2002
With the new thermocouples in place the circuit was switched on the next morning
at 10:06 AM, with the H cell potential at 3.25 V and the D cell potential at 3.25 V.
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At 2:48 PM, the calibration-corrected returns were 29.5 oC for the back of the H
cell and 34.1 oC for the back of the D cell.
The D cell was getting warmer, and yet was receiving 8% less power.
At 7:35 PM the HH-82 sensor displayed, right on the front of the H cell, 30.4/30.5
o

C; and, immediately after, a similar spot on the front of the D cell made the HH-82

sensor read 33.6/33.7 oC.
At 8:50 PM, the H cell was at 3.71 V and the D cell at 3.37 V. According to the
thermocouple passes, the back of the H cell was at that point at 32.7 oC while the
back of the D cell was at 35.8 oC.
The last thermocouple return of the day gave, after correcting for calibration, 32.6
o

C for the rear of the H cell and 35.6 oC for the rear of the D cell.

The experiment was switched off at 9:54 PM.
The electrolyte of the D cell had a black-yellowish tinge.
The electrolyte of the H cell was clear and transparent.
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FIG. 37: Power input versus temperature chart for the cells in the run of January 23, 2002.

Run of January 23 2002. Duration: 708 minutes
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■Run of January 24 2002
On the last day that this experiment was conducted, January 24, 2002, current was
switched on at 9:45 in the morning. The voltage was adjusted to 3.89 V for the H
cell and 3.51 V for the D cell.
At 12:08 PM the H cell was at 3.75 V and the D cell was at 3.37 V. After
correcting for calibration, the rear of the H cell was at 30.7 oC while the rear of the
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D cell was at 33.5 oC. The front of the H cell was at 30.3 oC while the front of the
D cell was at 33.4 oC.
At 12:25 PM the HH-82 sensor was displaying 35 oC for both cells. According to
the computer-connected thermocouples, the H cell bottom was at 32.4 oC and the D
cell bottom was at 33.9 oC. At this point the H cell was at 3.78 V while the D cell
was at only 3.31 V.
At 1:33 PM the H cell voltage was 3.69 V while the D cell voltage was 3.34 V. The
H cell bottom was at 33.9

o

C while the D cell bottom was at 34.7

o

C. The data

acquisition was aborted momentarily.
FIG. 38: Power input versus temperature chart for the cells in the first run of January 24,
2002.

January 24 2002. 1st run: 274 minutes
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The experiment was resumed at 3:19 PM.
At 3:46 PM the HH-82 sensor displayed 32.9 oC for the H cell and 33.5 oC for the
D cell in the same position, with the H cell at 3.82 V and the D cell at 3.52 V. The
H cell reading was confirmed one more time right after the D cell reading.
The experiment was finally switched off at 6:07 PM. The last thermocouple pass
gave, after correcting for calibration, 33.6 oC for the rear of the H cell and 36.4 oC
for the rear of the D cell. The H cell had closed this last run at 3.83 V and the D cell
at 3.52 V.
FIG. 39: Power input versus temperature chart for the cells in the 2nd run of January 24,
2002.
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On January 25, 2002, the two cells were removed from the circuit and weighed.
The H cell had lost 38.07 grams (2.11 moles of H2O) and the D cell had lost 30.02
grams (1.50 moles of D2O) in the 41461 minutes since the previous weighing. The
actual time of electrolysis during this period had been 7666 minutes.
The cells were carefully examined. The anode of the H cell was bent against the
cell floor, subtending an angle of only ~45o from the electrolyte surface so that the
horizontal separation between the anode and the cathode diminished as one
descended towards the bottom of the cell. The cathode of the H cell was in apparent
good shape in its water-droplet-covered teflon sheathing, not splattered with any
substance, and only slightly curved. The height of the electrolyte had dropped
down to 12 mm from the initial 27 at the start of the experiment and the electrolyte
looked very transparent and clear.
The D cell was much more interesting. The anode and cathode were very close to
each other. Towards the end of the experiment increasing care had been needed
with the D electrode fine-power adjustments, as the slightest mishap easily put the
two electrodes in contact with each other, due to all the conducting blackish plates
that were floating around the cathode. The anode was curled up on itself into a little
roll due to repeated bending during power adjustments. The D cathode was
severely curved (its lower tip in the electrolyte was arched ~30o from the vertical)
and thickly buried in the black, powdery substance. It was the substance that
had been produced in the first run of the experiment, in which the D cell had been
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run with reversed polarity by mistake. The droplet-covered teflon ring that had
been wrapped around the two electrode wires had slid down from the teflon column
to almost come to touch the electrodes themselves.
The cells were then taken apart for examination and the electrolyte was put away in
a vial.

APPENDIX D: ADDITIONAL SPECTRA FROM
UNELECTROLYZED PALLADIUM.

High apparent percentages of oxygen had been found on the spectrum of FIG. 6
from the 2.3 mm × 2.3 mm selected area of unelectrolyzed cold-rolled palladium.
SEMQuant processes X-ray spectra by automatic deconvolutions, and hence can
easily misinterpret the concentration of very low-Z elements. Still, there was
oxygen clearly trapped in the sample or bonded in the form of a thin surface layer
of oxide.
There were also traces of platinum and sulfur (which most likely had resisted
cleaning after having been picked from the cold-roll, where platinum and other
samples are cold-worked all the time), small amounts of copper from the brass
stage in the microscope chamber, and the palladium. The important thing was that
there was no silver or cadmium in this spectrum of the unelectrolyzed blank foil.
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(The software had actually returned negative results for the abundances of silver
and cadmium, something that happened quite frequently when the abundances of
elements were zero. When negative results for the abundances were produced by
the program, they were interpreted to be zero and the other, nonnegative results
were normalized appropriately to whatever they added up. The surface analysis
reached up to a depth of ∼1 µm and often there was a Cu signal from the brass
stage.)
The 2.839 keV Lα Pd peak predominated, with a pronounced valley separating it
from the next peak in the spectrum, the 2.990 keV Lβ peak of the same element.
This Lβ Pd peak could partially overlap with the 2.984 keV Lα peak of Ag if silver
were present. However, the Lβ Pd peak rose to a height that was only 34% that of
the Lα Pd peak (in an ideally pure palladium sample, the X-ray charts report that
the height of the Lβ Pd peak is 40% that of the Lα Pd peak)54. This 34% Lβ Pd / Lα
Pd ratio indicated that there was certainly no second line that overlapped the Lβ Pd
peak and hence no silver.
Another spectrum was taken from a spot on the unelectrolyzed Pd foil close to a
little archipelago of mesa-like features (FIG. 40).
The results of the quantitative analysis are listed in Table 13. (Table 14 for the
metallic elements).
There was again no Cd or Ag:
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FIG. 40: Spectrum from spot on unelectrolyzed Pd.

Table 13: Results of elemental analysis from X-ray Spectrum of FIG. 40

C
O
S
Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
1.15%
88.50% 46.77%
1.36%
0.00%
0.00%
0.07%
0.13%
0.18%
0.27%
0.16%
0.45%
1.14%
11.18% 52.35%
1.00%
0.00%
0.00%
0.56%
0.00%
0.00%
0.22%
0.03%
0.25%

(Surface analysis up to a depth of ∼1 µm).
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Table 14: Results of analysis from X-ray Spectrum of FIG. 40 for metallic elements

Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
0.50%
1.40%
0.84%
2.14%
98.35% 98.68%
1.88%
0.00%
0.00%
1.05%
0.00%
0.00%
0.41%
0.26%
0.47%

(Surface analysis up to a depth of ∼1 µm).

FIG. 41 shows another spot (spot 1) from which X-rays were acquired on the
unelectrolyzed foil. Table 15 lists the elemental abundance on that spot. Table 16
lists the abundances for the metallic elements.
FIG. 41: Spectrum from spot 1 on unelectrolyzed Pd.
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Table 15: Results of elemental analysis of X-ray Spectrum from spot 1 in FIG. 41

C
O
S
Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
3.18%
97.51% 82.61%
3.25%
0.00%
0.00%
0.12%
0.25%
0.55%
0.31%
0.00%
0.00%
1.01%
2.23% 16.75%
1.10%
0.00%
0.00%
0.67%
0.00%
0.00%
0.30%
0.01%
0.09%

(Surface analysis up to a depth of ∼1 µm).
Table 16: Results of analysis of X-ray Spectrum from spot 1 in FIG. 41 for metallic elements

Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
1.86%
0.00%
0.00%
6.02%
99.62% 99.46%
6.56%
0.00%
0.00%
3.96%
0.00%
0.00%
1.81%
0.38%
0.54%

(Surface analysis up to a depth of ∼1 µm).

FIG. 42 shows the X-ray spectrum from another spot (spot 2), right next to the
previous one.
Table 17 lists the elemental abundance of this spot 2, while Table 18 lists the
results for the metallic elements only.
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FIG. 42: Spectrum from spot 2 on unelectrolyzed Pd.

Table 17: Results of elemental analysis of X-ray Spectrum from spot 2 in FIG. 42

C
O
S
Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
1.79%
88.01% 45.31%
2.02%
0.00%
0.00%
0.11%
0.00%
0.00%
0.39%
0.00%
0.00%
1.85%
11.99% 54.69%
1.60%
0.00%
0.00%
0.89%
0.00%
0.00%
0.35%
0.00%
0.00%

(Surface analysis up to a depth of ∼1 µm).
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Table 18: Results of the analysis of X-ray Spectrum from spot 2 in FIG. 42 for metallic
elements

Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
0.71%
0.00%
0.00%
3.38%
100.00% 100.00%
2.92%
0.00%
0.00%
1.63%
0.00%
0.00%
0.64%
0.00%
0.00%

(Surface analysis up to a depth of ∼1 µm).

APPENDIX E: ADDITIONAL SPECTRA FROM THE H
CELL CATHODE OF THE FIRST EXPERIMENT
AFTER ELECTROLYSIS.

The spectrum shown in FIG. 7 from the H cell cathode of the first experiment after
electrolysis was taken from a large 2.1 mm × 2.1 mm selected area near the tip of
the cathode which is shown in FIG. 43.
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FIG. 43: Tip of H cell cathode of first experiment after electrolysis, concave side.

On the opposite side of this H cell cathode, the concentration of Ag was lower but
still statistically significant.
FIG. 44 shows the selected area from which X-rays were acquired on this other,
convex side of the H cell cathode near its tip. FIG. 45 displays the full X-ray
spectrum.
Table 19 lists the results of the SEMQuant analysis for all the elements, while
Table 20 lists the results for the metallic elements only:
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FIG. 44: Tip of H cell cathode of first experiment after electrolysis, convex side.

FIG. 45: Spectrum from 2.2 mm x 2.2 mm selected area in FIG. 44.
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Table 19: Results of elemental analysis of spectrum of FIG. 45, from selected area in FIG. 44.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.35%
0.07%
53.19% 14.87%
5.06%
2.84%
2.43%
2.70%
33.74% 62.74%
0.67%
1.26%
0.03%
0.07%
4.53% 15.45%

σin mass
0.06%
0.16%
0.04%
0.08%
0.25%
0.24%
0.18%
0.11%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage.)

Table 20: Results of spectrum of FIG. 45, from selected area in FIG. 44, for the metallic
elements. An actual separate SEMQuant analysis was conducted for the metallic elements
only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
5.98%
3.39%
82.65% 78.54%
1.99%
1.92%
0.27%
0.27%
9.11% 15.88%

σin mass
0.10%
0.33%
0.29%
0.23%
0.13%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage.)
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APPENDIX F: ADDITIONAL SPECTRA FROM THE D
CELL CATHODE OF THE FIRST EXPERIMENT
AFTER ELECTROLYSIS.
On the D cell cathode of this first experiment, X-rays were collected from a large (2
mm x 2 mm) area on the concave side near the tip.
Silver was spotted in small but statistically significant amounts.
The region with the X-ray acquisition area is imaged in FIG. 46; the X-ray
spectrum is displayed in FIG. 47; the results of the SEMQuant analysis are listed in
Tables 21 (for all the elements) and 22 (for the metallic elements only).
FIG. 46: Tip of D cell cathode of the first experiment after electrolysis, concave side
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FIG. 47: Spectrum from 2 mm x 2 mm selected area in FIG. 46

Table 21: Results of elemental analysis of spectrum of FIG. 47, from selected area in FIG. 46
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.00%
0.00%
16.73%
2.98%
3.66%
1.30%
6.82%
4.83%
63.89% 75.70%
4.28%
5.14%
0.00%
0.00%
4.62% 10.04%

σin mass
0.41%
0.77%
0.19%
0.60%
1.75%
1.34%
1.08%
0.55%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage.)
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Table 22: Results of analysis of spectrum of FIG. 47, from selected area in FIG. 46, for the
metallic elements. An actual separate SEMQuant analysis was conducted for the metallic
elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
8.76%
5.19%
80.67% 80.07%
5.53%
5.57%
0.00%
0.00%
5.04%
9.17%

σin mass
0.64%
1.67%
1.41%
1.13%
0.53%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage.)

On the opposite side of the D cell cathode, X-rays were collected from two small
13 µm x 13 µm areas. They are shown in FIG. 48.
FIG. 48: Micrograph of convex side of the D cell cathode of the first experiment after
electrolysis
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The X-ray spectrum from selected area 1, to the left, is shown in FIG. 49. The results of
the SEMQuant analysis of this spectrum are listed in Tables 23 (for all the elements) and
24 (for the metallic elements only). There was over 1 atom of Ag for 5 of Pd.
FIG. 49: Spectrum from selected area 1 in FIG. 48

Table 23: Results of elemental analysis of spectrum of FIG. 49, from selected area 1 in FIG. 48.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.00%
0.00%
23.11%
5.28%
1.68%
0.77%
37.33% 33.87%
29.58% 44.93%
6.35%
9.79%
0.00%
0.00%
1.92%
5.36%

σin mass
1.42%
0.98%
0.18%
1.71%
1.90%
1.39%
1.17%
0.57%
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(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage. The listed number concentrations were not the actual results of the software,
which returned negative values for all the elements except carbon, but were inferred from the mass
results)
Table 24: Results of analysis of spectrum of FIG. 49, from selected area 1 in FIG. 48, for
the metallic elements only. An actual separate SEMQuant analysis was conducted for the
metallic elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
49.91% 36.45%
39.36% 48.14%
8.63% 10.70%
0.00%
0.00%
2.10%
4.71%

σin mass
1.75%
1.71%
1.51%
1.27%
0.56%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage.)

The X-ray spectrum from selected area 2 in FIG. 48, to the right, is shown in FIG.
50.
The results of the SEMQuant analysis of this spectrum are listed in Tables 25 (for
all the elements) and 26 (for the metallic elements only).
There was over 1 atom of Ag for 7 of Pd.
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FIG. 50: Spectrum from selected area 2 in FIG. 48

Table 25: Results of elemental analysis of spectrum of FIG. 50, from selected area 2 in
FIG. 48.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
100.00%
0.00%
31.31%
7.61%
1.77%
0.86%
30.54% 29.48%
29.74% 48.07%
4.26%
6.98%
0.02%
0.04%
2.34%
6.95%

σin mass
2.23%
1.20%
0.22%
1.88%
2.48%
1.56%
1.28%
0.72%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage. The listed number concentrations were not the actual results of the software,
which returned negative values for all the elements except carbon, but were inferred from the mass
results)
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Table 26: Results of analysis of spectrum of FIG. 50, from selected area 2 in FIG. 48, for
the metallic elements only. An actual separate SEMQuant analysis was conducted for the
metallic elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
45.87% 69.29%
44.59%
0.01%
6.46% 16.57%
0.06%
0.15%
3.01% 13.98%

σin mass
4.15%
4.30%
3.72%
3.02%
1.49%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage.)

APPENDIX G: ADDITIONAL MICROGRAPHS AND
SPECTRA FROM THE H CELL CATHODE OF THE
SECOND EXPERIMENT AFTER ELECTROLYSIS.
FIGS. 51 and 52 contrast the appearance of the side opposite the spotweld of the H
cell cathode of the second experiment before and after electrolysis. The tip was just
as straight after the electrolysis as it was before.
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FIG. 51: H cell cathode of the second experiment before electrolysis (side opposite the
spotweld)

FIG. 52: H cell cathode of the second experiment after electrolysis (side opposite the
spotweld)

The spotweld side of this H cell cathode of the second experiment had been facing
the anode during electrolysis. To the SEM, the cathode revealed after electrolysis
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tiny fractures such as those towards the tip of the cathode shown in FIG. 53 and
some interesting 20 µm-sized features like the one shown in FIG. 54.
FIG. 53: Tip of H cell cathode of the second experiment after electrolysis (side opposite the
spotweld, looking away from the anode). This tip was lowest in the electrolyte.

FIG. 54: Granule-covered region near the tip of the H cell cathode after electrolysis (the
lower tip in the electrolyte). This side of the cathode was looking away from the anode. The
23 µm x 16 µm blob-like feature is prominent.
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Near the edges, the granules seemed to proliferate to the point of merging with each
other into a dainty, sponge-like undulating blanket. A striking pyramid-shaped
crystal was found on the side opposite the spotweld, about 2 cm from the lower
edge and 6.5 mm from the right edge. It had a base of ∼37 µm. There were a few
isolated dark areas of ∼20 µm diameter that looked like stains. There were
striations. There were crannies and there were pores. And there were new elements.
A 2.35 mm x 2.35 mm area selected from the side of the H cathode opposite the
spotweld, which was looking away from the anode (FIG. 55), had a number
abundance of cadmium of 4.40±0.71% relative to Pd. The spectrum is shown in
FIG. 56 and the results of the quantitative analysis are listed in Table 27. Table 28
lists the results for the metallic elements only:
FIG. 55: Side opposite the spotweld on the surface of the H cell cathode after electrolysis.
This side had been looking away from the anode. The 2.35 mm x 2.35 mm selected area
from which X-rays were acquired is shown.
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FIG. 56: Spectrum from selected area in FIG. 55.

Table 27: Results of elemental analysis of X-ray spectrum of FIG. 56, from selected area in
FIG. 55.

C
O
S
Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
0.16%
29.59%
4.21%
0.35%
4.43%
0.84%
0.10%
0.89%
0.34%
0.25%
3.05%
2.29%
0.66%
46.66% 58.85%
0.69%
0.09%
0.12%
0.45%
2.05%
2.74%
0.44%
13.24% 30.61%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 28: Results of analysis of FIG. 56, from selected area in FIG. 55, for the metallic
elements. An actual separate SEMQuant analysis was conducted for these elements only.

Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
4.65%
2.41%
0.27%
71.80% 62.33%
0.68%
0.15%
0.13%
0.73%
3.16%
2.90%
0.47%
20.24% 32.23%
0.46%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

The platinum had been deposited from the anode. It was also more than reasonable
to find sulfur, perhaps in the form of sulfides. But the cadmium was a remarkable
new finding, and there were also suggestive indications that silver was present. The
3.133 keV Lα and 3.316 keV Lβ Cd peaks were markedly visible in the spectrum as
humps on the descending slope of the 2.990 keV Lβ Pd peak. This time the Lβ Pd
peak rose to 45% the height of the main 2.839 Lα Pd peak, which was consistent
with a very tenuous 2.984 keV Lα Ag signal. (The 3.150 keV Lβ Ag line overlaps in
turn the 3.133 keV Cd Lα line).
Focusing on a region that featured a ∼ 63 µm x 28 µm flake partially darkened by a
circular stain of 10 µm radius that extended outside the flake (FIG. 57), the
presence of cadmium was confirmed. Acquiring X-rays from a spot right in the
center of the dark circular patch (spot 1), a Cd signal above 3 standard deviations
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was detected. The spectrum from this spot is shown in FIG. 58 and the results of
the quantitative analysis are shown in Table 29. Table 30 lists the results for the
metallic elements only. The number abundance of Cd was 14.44±4.48%, relative to
Pd.
FIG. 57: Micrograph of a flake on a dark patch on the H cell cathode after electrolysis, side
opposite the spotweld (looking away from the anode). The two spots from which X-rays
were acquired are shown.
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FIG. 58: Spectrum from spot 1 in FIG. 57.

Table 29: Results of elemental analysis of X-ray spectrum of FIG. 58 (from spot 1 in FIG.
57).

C
O
S
Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
0.93%
54.68% 10.09%
0.92%
7.22%
1.77%
0.32%
0.65%
0.32%
0.47%
2.26%
2.20%
0.94%
12.47% 20.37%
1.13%
0.40%
0.67%
0.97%
1.80%
3.11%
1.49%
20.52% 61.47%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 30: Results of analysis of X-ray spectrum of FIG. 58 (from spot 1 in FIG. 57) for the
metallic elements only

Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
0.54%
6.03%
2.51%
1.07%
33.30% 23.20%
1.29%
1.07%
0.76%
1.10%
4.81%
3.54%
1.70%
54.79% 70.00%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

And when the X-ray acquisition spot was placed just outside the dark circular stain
(spot 2), the presence of sulfur was diminished and the presence of cadmium was
intensified.
The spectrum from spot 2 in FIG. 57 is shown in FIG. 59 and the results of its
quantitative analysis are listed in Table 31.
Table 32 lists the results for the metallic elements:
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FIG. 59: Spectrum from spot 2 in FIG. 57.

Table 31: Results of elemental analysis of X-ray spectrum of FIG. 59 (from spot 2 in FIG.
57).
In number
Element of atoms In mass σin mass
0.86%
C
0.00%
0.00%
0.70%
O
0.00%
0.00%
0.36%
S
1.36%
0.30%
0.59%
Cu
13.84%
6.09%
1.01%
Pd
25.39% 18.71%
1.23%
Ag
1.39%
1.05%
1.08%
Cd
7.97%
6.21%
1.73%
Pt
50.05% 67.64%
(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 32: Results of analysis of X-ray spectrum of FIG. 59 (from spot 2 in FIG. 57) for
metallic elements.

Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
0.59%
14.03%
6.11%
1.01%
25.74% 18.77%
1.23%
1.41%
1.05%
1.09%
8.08%
6.22%
1.73%
50.74% 67.85%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

A zone very near the corner of the H cell cathode where the granule-draped, bushlike-object-covered surface suddenly retreated had a remarkable abundance of
cadmium.
In the surface layer of the 9 µm x 9 µm area from which X-rays were taken, the
abundance of cadmium actually rivaled that of palladium itself. According to
SEMQuant, the number concentration of Cd was 8.89±1.59% while the number
concentration of Pd locally was only 13.50±1.75%.
The spectrum is shown in FIG. 60 and the results of the quantitative analysis are
displayed in Table 33 (Table 34 for the metallic elements):
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FIG. 60: Spectrum from 9 µm x 9 µm selected area on the bush-like-object-covered zone
of the H cell cathode after electrolysis, right where the surface began to retreat to form the
tip. This was the side opposite the spotweld, looking away from the anode.

Table 33: Results of elemental analysis of X-ray spectrum of FIG. 60.
In number
Element of atoms In mass σin mass
0.84%
C
90.01% 40.36%
0.85%
O
0.00%
0.00%
0.22%
S
0.30%
0.36%
0.48%
Cu
0.95%
2.26%
0.68%
Pd
1.31%
5.23%
0.80%
Ag
0.00%
0.00%
0.65%
Cd
0.86%
3.64%
0.96%
Pt
6.58% 48.15%

159

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
Table 34: Results of analysis of X-ray spectrum of FIG. 60 for metallic elements.

Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass σin mass
0.81%
9.76%
3.81%
1.15%
13.50%
8.83%
1.35%
0.00%
0.00%
1.10%
8.89%
6.13%
1.62%
67.86% 81.23%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

The X-ray spectrum from a 60 µm x 60 µm area (FIG. 61) containing a curiouslooking pyramidal crystal, which was most likely contamination, did not show
statistically significant levels of cadmium or silver in the few counts that were
taken though it was clear that the signal was there.
The results of the quantitative analysis are listed in Table 35. If carbon was
included in the analysis SEMQuant returned negative results for all the other
elements, so in the analysis of Table 35 carbon was left out.
Table 36 lists the results for the metallic elements only.
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FIG. 61: Spectrum from pyramidal crystal on the H cell cathode after electrolysis, side
opposite the spotweld (looking away from anode).

Table 35: Results of elemental analysis of spectrum of FIG. 61.
In number
Element

of atoms

In mass

σin mass

O

95.96%

77.51% 2.34%

S

1.23%

2.00% 0.35%

Cu

0.39%

1.25% 0.60%

Pd

0.93%

4.97% 1.37%

Ag

0.10%

0.55% 1.58%

Cd

0.00%

0.00% 1.38%

Pt

1.39%

13.73% 1.14%

(Surface analysis up to a depth of ∼1 µm. The C peak went off scale).
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Table 36: Results of analysis of spectrum of FIG. 61 for metallic elements only. An actual
separate SEMQuant Analysis was conducted for these elements only.

Cu
Pd
Ag
Cd
Pt

In number
of atoms In mass
12.32%
5.72%
42.51% 33.08%
5.07%
4.01%
0.00%
0.00%
40.09% 57.19%

σin mass
2.77%
7.94%
9.81%
8.91%
9.80%

(Surface analysis up to a depth of ∼1 µm).

FIG. 62 shows the X-ray spectrum from a 42 µm × 42 µm selected area containing
two narrow ∼10 µm long crevices that were situated along the left edge of the H
cell cathode on the side opposite the spotweld.
The results of the corresponding quantitative elemental analysis are listed in Table
37.
Table 38 lists the results for the metallic elements only.
There was over 1 atom of Ag for 3 of Pd and over 7 atoms of Cd for 10 of Pd.
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FIG. 62: Spectrum from 42 µm x 42 µm selected area containing crevices near edge of H
cell cathode after electrolysis, side opposite the spotweld (looking away from anode).

Table 37: Results of elemental analysis of spectrum of FIG. 62
In number

Element of atoms In mass σin
C
44.72% 12.12%
O
27.85% 10.05%
S
0.00%
0.00%
Cu
11.09% 15.90%
Pd
2.43%
5.84%
Ag
0.92%
2.24%
Cd
1.79%
4.53%
Pt
11.21% 49.33%

mass

0.50%
0.52%
0.17%
0.66%
0.56%
0.66%
0.56%
0.84%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 38: Results of analysis of spectrum of FIG. 62 for metallic elements
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
40.42% 20.43%
8.85%
7.50%
3.35%
2.88%
6.52%
5.82%
40.86% 63.38%

mass

0.85%
0.72%
0.85%
0.72%
1.08%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

There was a tiny circular cave at the very corner of the lower tip of the H cell
cathode. The feature is shown in FIG. 63. X-rays were collected from an 8 µm x 8
µm selected area encompassing this cavity. The spectrum is displayed in FIG. 64.
Analysis of the spectrum revealed 1.23±0.76% of cadmium and 6.61±1.26% of
silver for only 29.43±1.28% of palladium in number of atoms according to the
software. The X-ray spectrum clearly shows the combined Ag Lα + Pd Lβ peaks at
2.984-2.99 keV rising to 68% the height of the main Pd Lα peak at 2.839 keV. (If
no Ag had been present, this height would have been only 40%). Also, the slight
bump at 3.133-3.15 keV on the right slope of the combined Ag Lα + Pd Lβ
promontory due to the overlapped presence of Ag Lβ and Cd Lα was discernible.
The SEMQuant analysis results are listed in Table 39. Table 40 lists the results for
the metallic elements only:
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FIG. 63: Tiny circular cave at the corner of the lower tip of the H cell cathode after
electrolysis, side opposite the spotweld (looking away from anode).

FIG. 64: X-ray spectrum from 8 µm x 8 µm selected area in FIG. 63.
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Table 39: Results of elemental analysis of spectrum of FIG. 64, from selected area in FIG.
63.
In number

Element of atoms In mass σin
C
11.79%
1.67%
O
1.72%
0.32%
S
0.40%
0.15%
Cu
39.75% 29.86%
Pd
29.43% 37.01%
Ag
6.61%
8.42%
Cd
1.23%
1.63%
Pt
9.08% 20.93%

mass

0.42%
0.61%
0.19%
1.92%
1.62%
1.61%
1.02%
1.06%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
Table 40: Results of analysis of spectrum of FIG. 64, from selected area in FIG. 63, for the
metallic elements
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
46.17% 30.52%
34.18% 37.82%
7.68%
8.61%
1.43%
1.67%
10.55% 21.39%

mass

1.96%
1.66%
1.65%
1.04%
1.08%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

X-rays were then taken from a 0.6 mm x 0.6 mm acquisition area that included the
whole corner region of this side of the H cathode opposite the spotweld (FIG. 65).
The spectrum is shown in FIG. 66.
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There was no silver, but the signature of cadmium was unmistakable, and at low
count rates the software occasionally had difficulty in distinguishing between
cadmium and silver as their signals so closely overlapped.
According to SEMQuant, there was over 1 atom of Cd for 9 of Pd.
The full results of the SEMQuant analysis of the spectrum from this area are listed
in Table 41. Table 42 lists the results for the metallic elements only:

FIG. 65: Micrograph of corner of cathode of the H cell after electrolysis at the lower tip, side
opposite the spotweld (looking away from the anode).
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FIG. 66: X-ray spectrum from 0.6 mm x 0.6 mm selected area in FIG. 65.

Table 41: Results of elemental analysis of spectrum of FIG. 66.
In number

Element of atoms In mass σin
C
57.46% 17.35%
O
19.89%
8.00%
S
0.39%
0.32%
Cu
1.30%
2.08%
Pd
12.31% 32.92%
Ag
0.00%
0.00%
Cd
1.50%
4.24%
Pt
7.16% 35.10%

mass

0.31%
0.43%
0.10%
0.24%
0.51%
0.59%
0.41%
0.46%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 42: Results of analysis of spectrum of FIG. 66, for the metallic elements.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
5.84%
2.80%
55.28% 44.29%
0.00%
0.00%
6.74%
5.70%
32.15% 47.22%

mass

0.32%
0.69%
0.79%
0.55%
0.62%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

X-rays were then acquired from two spots on dark patches in the selected area of
FIG. 65. The results were similar, perhaps with even a little more cadmium.
The spectrum from spot 1 is shown in FIG. 67 and the results of its SEMQuant
analysis are displayed in Table 43 (Table 44 for the metallic elements).
The spectrum from spot 2 is shown in FIG. 68 and the results of its SEMQuant
analysis are listed in Table 45 (Table 46 for the metallic elements):
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FIG. 67: X-ray spectrum from spot 1 in FIG. 65.

Table 43: Results of elemental analysis of spectrum of FIG. 67, from spot 1 in FIG. 65.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
54.73% 10.51%
4.06%
1.04%
0.04%
0.02%
2.00%
2.03%
22.69% 38.57%
0.14%
0.24%
2.51%
4.50%
13.83% 43.09%

mass

0.29%
0.40%
0.13%
0.33%
0.66%
0.78%
0.52%
0.66%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 44: Results of analysis of spectrum of FIG. 67, from spot 1 in FIG. 65, for the metallic
elements
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
4.86%
2.30%
55.11% 43.62%
0.34%
0.27%
6.10%
5.09%
33.59% 48.73%

mass

0.37%
0.75%
0.88%
0.59%
0.75%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
FIG. 68: X-ray spectrum from spot 2 in FIG. 65.
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Table 45: Results of elemental analysis of spectrum of FIG. 68, from spot 2 in FIG. 65.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
37.83%
5.82%
6.73%
1.38%
0.74%
0.31%
3.40%
2.76%
30.45% 41.48%
0.00%
0.00%
3.61%
5.19%
17.24% 43.06%

mass

0.15%
0.27%
0.08%
0.19%
0.42%
0.49%
0.33%
0.41%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
Table 46: Results of analysis of spectrum of FIG. 68, from spot 2 in FIG. 65, for the metallic
elements only
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
6.21%
2.98%
55.67% 44.84%
0.00%
0.00%
6.59%
5.61%
31.53% 46.56%

mass

0.21%
0.45%
0.53%
0.36%
0.44%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

The H cell cathode was then flipped to the other side, the side of the spotweld
(which had been facing the anode during electrolysis), and X-rays were collected
from a 5 µm x 5 µm area touching the lower tip, 2.1 mm from the left corner and 3
mm from the right corner as seen in the microscope, where the tip was on top (FIG.
69).
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The area selected for X-ray collection was at the edge of a zone covered with ∼1
µm sized flakes, just before the surface receded to end in the tip. The X-ray
spectrum is displayed in FIG. 70 and the results of the SEMQuant analysis are
listed in Table 47 (Table 48 lists the results for the metallic elements only).
The number abundance of cadmium was 13.82±1.49% and the number abundance
of silver was 7.26±2.1%, relative to palladium:

FIG. 69: Micrograph of area along the tip of the H cell cathode after electrolysis, side of the
spotweld (facing the anode).
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FIG. 70: X-ray spectrum from 5 µm x 5 µm selected area in FIG. 69.

Table 47: Results of elemental analysis of spectrum of FIG. 70, from selected area in FIG.
69.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
78.84% 26.85%
2.29%
1.04%
0.00%
0.00%
3.60%
6.48%
6.23% 18.80%
0.46%
1.41%
0.87%
2.77%
7.71% 42.65%

mass

0.31%
0.21%
0.08%
0.30%
0.34%
0.41%
0.30%
0.39%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

174

Table 48: Results of analysis of spectrum of FIG. 70, from selected area in FIG. 69, for the
metallic elements. An actual separate SEMQuant analysis was conducted for these
elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
17.90%
8.40%
34.00% 26.72%
2.47%
1.97%
4.70%
3.90%
40.93% 59.01%

mass

0.38%
0.46%
0.57%
0.42%
0.61%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

X-rays were then collected from a 2.3 mm x 2.3 mm representative area on the H
cathode spotweld side, which was facing the anode. The micrograph of the region
with the selected area is shown in FIG. 71 and the X-ray spectrum from the
selected area is shown in FIG. 72. The analysis of this spectrum corroborated again
that cadmium was there and in amounts that seemed to be slightly higher than on
the other side which had been looking away from the anode. The Cd number
concentration 5.49±0.52% relative to Pd can be contrasted with the number
concentration 4.40±0.71% in the spectrum of FIG. 56, over a selected area of
similar size. The results of the analysis are listed in Table 49. Table 50 lists the
results for the metallic elements. On this selected area in FIG. 71, there was over 1
atom of Cd for 19 of Pd:

175

FIG. 71: Micrograph of area along the edge of the H cell cathode after electrolysis, side of
the spotweld facing the anode. It shows the 1.6 mm x 1.6 mm selected area from which Xrays were acquired.

FIG. 72: X-ray spectrum from selected area in FIG. 71:
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Table 49: Results of elemental analysis of spectrum of FIG. 72, from selected area in FIG.
71
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
30.78%
4.35%
2.61%
0.49%
0.40% 14.96%
3.74%
2.79%
46.61% 58.31%
0.00%
0.00%
2.56%
3.38%
13.30% 30.52%

mass

0.12%
0.26%
0.07%
0.19%
0.48%
0.50%
0.32%
0.33%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
Table 50: Results of analysis of spectrum of FIG. 72, from selected area in FIG. 71, for the
metallic elements. An actual separate SEMQuant analysis was conducted for these
elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
5.60%
2.92%
70.48% 61.46%
0.00%
0.00%
3.87%
3.56%
20.05% 32.05%

mass

0.19%
0.49%
0.53%
0.34%
0.34%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

The next goal was to check if Cd accumulated near the edges. For this, an area was
chosen along the left rim of the cathode (which gradually receded from view) only
2 mm below the upper right corner (FIG. 73).
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FIG. 73: Micrograph of left edge of the H cell cathode after electrolysis, with the tip that
was lower in the electrolyte above the picture. This was the spotweld side, facing the
anode.

X-rays were acquired from a first spot on the rim, spot 1 in FIG. 73, on a little
ridge-like formation. There were almost 4 atoms of Cd for every 10 of Pd: the
number concentration of Cd was 39.80±1.84% relative to Pd. The local number
concentration of Pd was 18.34±0.38%; the local number concentration of Cd was
7.30±0.33%, including only the metallic elements in the analysis. The spectrum
from this spot 1 is shown in FIG. 74 and the results of the Quantitative Analysis are
shown in Table 51. Table 52 lists the results for the metallic elements only:
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FIG. 74: X-ray spectrum from spot 1 in FIG. 73

Table 51: Results of elemental analysis of spectrum of FIG. 74, from spot 1 in FIG. 73.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
81.60% 53.33%
13.67% 11.90%
0.15%
0.26%
1.30%
4.49%
0.72%
4.18%
0.02%
0.12%
0.29%
1.80%
2.25% 23.92%

mass

0.17%
0.16%
0.03%
0.09%
0.09%
0.11%
0.09%
0.11%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 52: Results of analysis of spectrum of FIG. 74, from spot 1 in FIG. 73, for the metallic
elements. An actual separate SEMQuant analysis was conducted for these elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
24.26% 10.98%
18.34% 13.90%
0.52%
0.40%
7.30%
5.84%
49.59% 68.88%

mass

0.22%
0.29%
0.35%
0.27%
0.43%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

Then the spot was moved to the right, almost to the line where the face of the
cathode and the rim met: spot 2.
On that location, the number concentration of cadmium had risen to 9.38±0.51%,
with the local number concentration of Pd being 32.15±0.59%. Relative to Pd,
therefore, the number abundance of Cd had decreased somewhat: there were now
only 29 atoms of Cd for every 100 of Pd.
The spectrum from spot 2 is shown in FIG. 75; and the results of the quantitative
analysis of this spectrum are shown in Tables 53 (for all the elements) and 54 (for
the metallic elements only):
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FIG. 75: X-ray spectrum from spot 2 in FIG. 73

Table 53: Results of analysis of spectrum of FIG. 75, from spot 2 in FIG. 73:
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
64.50% 18.42%
9.49%
3.61%
0.30%
0.23%
6.26%
9.46%
8.07% 20.42%
0.15%
0.38%
2.36%
6.32%
8.87% 41.16%

mass

0.29%
0.34%
0.10%
0.29%
0.39%
0.47%
0.35%
0.44%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 54: Results of analysis of spectrum of FIG. 75, from spot 2 in FIG. 73, for the metallic
elements. An actual separate SEMQuant Analysis was conducted for these elements only
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
23.38% 11.65%
32.15% 26.82%
0.59%
0.50%
9.38%
8.27%
34.50% 52.76%

mass

0.35%
0.49%
0.61%
0.45%
0.59%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

On spot 3 farther to the right, already on the flat face of the cathode, the number
abundance of cadmium was 7.44±0.54%, and the local number abundance of Pd
was 49.21±0.69%.
The spectrum is shown in FIG. 76, the results of the SEMQuant analysis are listed
in Tables 55 (for all the elements) and 56 (for the metallic elements only).
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FIG. 76: X-ray spectrum from spot 3 in FIG. 73

Table 55: Results of elemental analysis of spectrum of FIG. 76, from spot 3 in FIG. 73
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
53.08% 10.78%
6.16%
1.67%
0.69%
0.37%
5.04%
5.41%
19.72% 35.48%
0.02%
0.03%
2.98%
5.66%
12.31% 40.60%

mass

0.24%
0.34%
0.10%
0.28%
0.50%
0.59%
0.41%
0.49%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 56: Results of analysis of spectrum of FIG. 76, from spot 3 in FIG. 73, for the metallic
elements
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
12.58%
6.21%
49.21% 40.70%
0.05%
0.03%
7.44%
6.49%
30.72% 46.57%

mass

0.32%
0.57%
0.68%
0.47%
0.56%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

Slightly even farther to the right, on spot 4, the number concentration of cadmium
was 7.96±0.55%, with the local number concentration of Pd being 46.64±0.70%.
The spectrum from spot 4 is displayed in FIG. 77; the results of the SEMQuant
quantitative analysis are listed in Tables 57 (for all the elements) and 58 (for the
metallic elements only):

184

FIG. 77: X-ray spectrum from spot 4 in FIG. 73

Table 57: Results of elemental analysis of spectrum of FIG. 77, from spot 4 in FIG. 73
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
44.50%
7.35%
3.69%
0.81%
0.81%
0.36%
6.25%
5.46%
23.78% 34.78%
0.29%
0.43%
4.06%
6.27%
16.61% 44.55%

mass

0.21%
0.32%
0.11%
0.28%
0.52%
0.62%
0.44%
0.54%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 58: Results of analysis of spectrum of FIG. 77, from spot 4 in FIG. 73, for the metallic
elements:
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
12.26%
5.97%
46.64% 38.02%
0.57%
0.47%
7.96%
6.85%
32.58% 48.69%

mass

0.31%
0.57%
0.68%
0.48%
0.59%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

A last spot at the very right edge of the field of view, spot 5, gave a number
concentration of 5.25±0.52% for Cd and 54.57±0.71% for Pd.
The X-ray spectrum from this spot 5 is displayed in FIG. 78; the elemental
composition resulting from this spectrum is listed in Tables 59 (for all the
elements) and 60 (for the metallic elements only):
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FIG. 78: X-ray spectrum from spot 5 in FIG. 73

Table 59: Results of elemental analysis of spectrum of FIG. 78, from spot 5 in FIG. 73.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
40.15%
6.10%
2.75%
0.56%
0.25%
0.10%
5.49%
4.41%
31.03% 41.76%
0.00%
0.00%
2.99%
4.25%
17.35% 42.81%

mass

0.19%
0.30%
0.11%
0.28%
0.54%
0.63%
0.42%
0.52%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).
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Table 60: Results of analysis of spectrum of FIG. 78, from spot 5 in FIG. 73, for the metallic
elements
In number

of atoms In mass σin
9.66%
4.73%
54.57% 44.79%
0.00%
0.00%
5.25%
4.56%
30.52% 45.91%

Cu
Pd
Ag
Cd
Pt

mass

0.30%
0.58%
0.67%
0.45%
0.56%

(Surface analysis up to a depth of ∼1 µm. Some of the Cu reading might have been a systems peak
from the brass stage).

It is noteworthy that the number abundance of carbon seemed to diminish with the
distance from the edge of the cathode. FIG. 79 contrasts the number abundances of
C that were found at the five different spots from which X-rays were acquired.
FIG. 79: Comparison of the C number abundance at the five different spots from which Xrays were acquired:
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APPENDIX H: ADDITIONAL MICROGRAPHS AND
SPECTRA FROM THE D CELL CATHODE OF THE
SECOND EXPERIMENT AFTER ELECTROLYSIS.

FIGS. 80 and 81 contrast the appearance before and after the electrolysis of the
spotweld side of D cell cathode (which faced the anode during electrolysis).
The curvature of the cathode after electrolysis is not as visible in FIG. 81 as it was
with the other side of the cathode (FIG. 13) due to the fuzziness of FIG. 81 and the
fact that FIG. 81 shows the cathode almost face-on.

FIG. 80: D cell cathode of the second experiment before electrolysis, spotweld side (facing
the anode).
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FIG. 81: D cell cathode of the second experiment after electrolysis, spotweld side (facing
the anode).

FIG. 82 gives an edge-on view of the D cell of the second experiment after
electrolysis, showing more clearly the curvature.
FIG. 82: Edge-on photo of D cell cathode bent after electrolysis.

On this cathode, silver was present in the deposit of substance. In regions that were
not covered in the substance the concentration of silver was somewhat smaller but
still statistically significant. Also, the number concentrations of oxygen and sulfur

190

were lower than in the regions with the substance. This suggested that PdS and PdO
were components of the substance.
A region was chosen on the concave side of the D cell cathode after electrolysis,
where the substance and non-substance covered regions met, 1.75 mm from the
right edge and 2.6 mm from the lower tip. (This side of the cathode was opposite
the spotweld and looking away from the anode when the experiment ended). The
region is shown in FIG. 83.

FIG. 83: Micrograph of region on the concave side of the D cell cathode after electrolysis,
where the substance and non-substance-covered regions met. This side was opposite the
spotweld and looking away from the anode.
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Two selected areas of 0.1 mm × 0.1 mm were chosen for X-ray acquisition, one on
the substance-covered region (right in the image) and another on the nonsubstance-covered region (left in image).
The spectrum from the selected area on the left, on the relatively substance-clear
region, is shown in FIG. 84.
Table 61 lists the results of the SEMQuant analysis of this spectrum for all the
relevant elements while Table 62 lists the results for the metallic elements only.
FIG. 84: X-ray spectrum from left selected area in FIG. 83, on the substance-clear region.
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Table 61: Results of elemental analysis of spectrum of FIG. 84, from left selected area in
FIG. 83.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
24.75%
5.16%
27.14%
7.54%
1.13%
0.63%
0.25%
0.27%
45.89% 84.80%
0.85%
1.59%
0.00%
0.00%
0.00%
0.00%

mass

0.13%
0.42%
0.06%
0.31%
0.88%
0.72%
0.42%
0.17%

(Surface analysis up to a depth of ∼1 µm).
Table 62: Analysis of spectrum of FIG. 84, from left selected area in FIG. 83, for the
metallic elements.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
0.53%
0.31%
97.67% 97.85%
1.80%
1.84%
0.00%
0.00%
0.00%
0.00%

mass

0.35%
1.02%
0.83%
0.48%
0.19%

(Surface analysis up to a depth of ∼1 µm).

For comparison, the square selected area immediately to the right of the former
one, already in the substance-covered region, had a number abundance of sulfur of
2.66% sulfur instead of 1.13%. The number abundance of Ag in mass had dropped
from 1.80% in the substance-clear region to 1.32% (below 2σ) in the substancecovered region.
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The spectrum of this selected area on the right in FIG. 83, on the substance-covered
region, is shown in FIG. 85.
The results of the SEMQuant analysis performed on this spectrum are listed in
Tables 63 (for all the relevant elements) and 64 (for the metallic elements only):

FIG. 85: X-ray spectrum from selected area on the right in FIG. 83, on the substance-clear
region.
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Table 63: Results of elemental analysis of spectrum of FIG. 85, from selected area on the
right in FIG. 83.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
26.78%
5.46%
22.55%
6.13%
2.66%
1.45%
0.15%
0.16%
47.03% 84.99%
0.64%
1.17%
0.00%
0.00%
0.20%
0.64%

mass

0.13%
0.38%
0.07%
0.29%
0.83%
0.68%
0.40%
0.18%

(Surface analysis up to a depth of ∼1 µm).
Table 64: Results of analysis of spectrum of FIG. 85, from selected area on the right in
FIG. 83, for the metallic elements.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
0.31%
0.18%
97.95% 97.74%
1.32%
1.34%
0.00%
0.00%
0.41%
0.74%

mass

0.33%
0.95%
0.78%
0.45%
0.20%

(Surface analysis up to a depth of ∼1 µm).

A 0.4 mm diameter wide sponge-like structure was situated 1.84 mm from the right
edge of the cathode and 1.3 mm from the segment along which the cathode had
been cut off (the segment being on top in the field of view), on the concave side of
the cathode opposite the spotweld, looking away from the anode. FIG. 86 shows
the cathode covered with the black spongy substance (which actually looks lighter
in the micrographs). The sponge-like formation is visible on the upper right, and it
is zoomed out later in FIG. 88.
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FIG. 86: D cell cathode after electrolysis. The curved edge above is the line along which
the cathode was detached from the Teflon sheathing after the experiment for examination.
This is the concave side of the cathode, opposite the spotweld, looking away from the
anode.

X-rays were acquired from a 2.1 mm x 2.1 mm general area on this region of the
cathode shown in FIG. 86. This general area encompassed both substance and nonsubstance-covered regions, and it was not possible to confirm from its spectrum the
presence of silver or cadmium in the few counts that were taken. Still, the spectrum
was suggestive of Cd or Ag being present and it is shown in FIG. 87. The full
results of the analysis are listed in Tables 65 (for all the elements) and 66 (for the
metallic elements only):
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FIG. 87: X-ray spectrum from 2.1 mm x 2.1 mm general area on the region of the D
cathode in FIG. 86.

Table 65: Results of elemental analysis of spectrum of FIG. 87.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
96.40% 94.95%
3.55%
4.65%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.01%
0.08%
0.04%
0.32%
0.00%
0.00%

σin mass
0.57%
0.35%
0.05%
0.18%
0.22%
0.25%
0.19%
0.11%

(Surface analysis up to a depth of ∼1 µm. The C peak swamped all the other results).
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Table 66: Results of analysis of spectrum of FIG. 87, for the metallic elements. An actual
separate SEMQuant analysis was conducted for these metallic elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
64.05% 51.55%
35.95% 48.45%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

(Surface analysis up to a depth of

σin mass
5.26%
4.94%
5.28%
4.37%
2.59%

∼1 µm. The Cu signal was probably a systems peak from the

brass stage.)

FIG. 88 zooms out the sponge-like formation of FIG. 86, and shows the 0.2 mm x
0.2 mm selected area on the feature from which X-rays were acquired.
FIG. 88 displays the X-ray spectrum from this selected area while Table 67 lists the
results of the quantitative analysis.
Table 68 lists the results of the analysis for the metallic elements:
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FIG. 88: Sponge-like structure on the concave side of the D cell cathode after electrolysis.
Visible as a small feature in FIG. 86, it was located high up the cathode near its middle
line, close to the edge of the Teflon sheathing. The spotweld was on the other side.

FIG. 89: X-ray spectrum from 0.2 mm x 0.2 mm selected area in FIG. 88.
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Table 67: Results of elemental analysis of spectrum of FIG. 89, from selected area in FIG.
88.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
93.55% 91.40%
6.44%
8.37%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.04%
0.01%
0.19%

(Surface analysis up to a depth of

mass

0.57%
0.43%
0.04%
0.14%
0.20%
0.22%
0.17%
0.11%

∼1 µm. The C peak went off-scale and swamped all the other

results).
Table 68: Analysis of spectrum of FIG. 89, from selected area in FIG. 88, for metallic
elements. An actual separate SEMQuant analysis was conducted for these elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
49.71% 37.09%
45.65% 57.03%
4.64%
5.88%
0.00%
0.00%
0.00%
0.00%

mass

6.14%
8.14%
7.40%
6.22%
4.65%

(Surface analysis up to a depth of ∼1 µm).

FIG. 90 shows a spot at the corner of the segment where the D cell cathode had
been detached from the Teflon sheathing for examination after electrolysis. FIG. 91
displays the X-ray spectrum from this spot. SEMQuant analysis revealed that at this
spot there was 1 atom of silver for every 6 of palladium. The full results of the
analysis are listed in Table 69; Table 70 lists the results for the metallic elements
only.
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FIG. 90: Spot at the corner of the edge of the Teflon sheathing of the D cell cathode after
electrolysis. The Teflon sheathing is the lighter-gray area above in the small picture on the
left; the undulating divide marks the edge of the Teflon sheathing along which the cathode
was detached for examination. The region with the spot is zoomed out in the right picture.
This was the concave side of the D cell cathode, opposite the spotweld, looking away from
the anode.

FIG. 91: Spectrum from spot in FIG. 90
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Table 69: Results of elemental analysis of spectrum of FIG. 91, from spot in FIG. 90
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
0.00%
0.00%
38.90%
9.88%
10.55%
5.36%
2.01%
2.03%
47.37% 80.00%
0.62%
1.06%
0.00%
0.00%
0.54%
1.67%

mass

3.35%
2.83%
0.64%
2.11%
6.06%
3.12%
2.77%
0.98%

(Surface analysis up to a depth of ∼1 µm. The small Cu reading was probably a systems peak from
the brass stage. The number abundance figures were deduced from the mass results, as the software
had returned negative numbers for the former in all cases but carbon).
Table 70: Results of analysis of spectrum of FIG. 91, from spot in FIG. 90, for the metallic
elements. An actual separate SEMQuant analysis was conducted for the metallic elements
only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
3.59%
2.18%
82.21% 83.26%
14.19% 14.57%
0.00%
0.00%
0.00%
0.00%

mass

2.26%
4.62%
3.22%
2.87%
1.04%

(Surface analysis up to a depth of ∼1 µm. The Cu signal was a systems peak from the brass stage).

FIG. 92 shows another region at the corner of the segment where the D cell cathode
had been detached from the Teflon sheathing after electrolysis. This region had two
tiny cave-like entrances.
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FIG. 92: Region on the D cell cathode after electrolysis along the edge, near the segment
along which the cathode had been detached from the Teflon sheathing. This is the
concave side (opposite the spotweld), looking away from the anode.

The X-ray acquisition spot was placed in one of these little caves (spot 1), and the
subsequent spectrum is displayed in FIG. 93.
The results of the SEMQuant analysis of this spectrum from spot 1 are listed in
Tables 71 (for all the elements) and 72 (for the metallic elements only).
There was over 1 atom of silver for every 6 of palladium:
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FIG. 93: X-ray spectrum from spot 1 in FIG. 92.

Table 71: Results of elemental analysis of spectrum of FIG. 93, from spot 1 in FIG. 92.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin mass
80.14% 75.18% 14.24%
19.86% 24.82%
4.50%
0.00%
0.00%
0.35%
0.00%
0.00%
1.23%
0.00%
0.00% 13.05%
0.00%
0.00%
4.49%
0.00%
0.00%
2.15%
0.00%
0.00%
0.54%

(Surface analysis up to a depth of ∼1 µm).
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Table 72: Analysis of spectrum of FIG. 93, from spot 1 in FIG. 92, for the metallic elements.
An actual separate SEMQuant analysis was conducted for the metallic elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
1.01%
0.60%
82.34% 82.43%
14.78% 15.00%
1.87%
1.97%
0.00%
0.00%

mass

1.67%
4.42%
3.50%
2.73%
0.69%

(Surface analysis up to a depth of ∼1 µm).

FIG. 94 shows the spectrum from spot 2 in FIG. 92, already outside the small hole.
The results of the SEMQuant analysis from this spot 2 are listed in Tables 73 (for
all the elements) and 74 (for the metallic elements only). Silver had virtually
disappeared.
FIG. 94: X-ray spectrum from spot 2 in FIG. 92.
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Table 73: Results of elemental analysis of spectrum of FIG. 94, from spot 2 in FIG. 92.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
33.90% 14.17%
46.07% 25.64%
5.49%
6.12%
0.00%
0.00%
14.30% 52.93%
0.16%
0.62%
0.00%
0.00%
0.08%
0.54%

mass

0.98%
1.46%
0.28%
0.35%
1.54%
1.28%
0.98%
0.45%

(Surface analysis up to a depth of ∼1 µm).
Table 74: Results of analysis of spectrum of FIG. 94, from spot 2 in FIG. 92, for the metallic
elements. An actual separate SEMQuant analysis was conducted for the metallic elements
only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass σin
2.38%
1.44%
96.40% 97.32%
1.22%
1.24%
0.00%
0.00%
0.00%
0.00%

mass

0.90%
5.09%
3.85%
0.00%
1.22%

(Surface analysis up to a depth of ∼1 µm).

FIG. 95 shows two selected areas from which X-rays were acquired on a region
around the center of the D cell cathode on its concave spotweld side where the
deposit of substance had thickened and there were changes in topography. The
spectrum from selected area 1 is displayed in FIG. 96; the results of the quantitative
analysis of this spectrum are listed in Tables 75 (for all the elements) and 76 (for
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the metallic elements only). The spectrum from selected area 2 is displayed in FIG.
97; the results of the quantitative analysis of this spectrum are listed in Tables 77
(for all the elements) and 78 (for the metallic elements only).
FIG. 95: Localized change in topography on the D cell cathode after electrolysis. This was
the concave side opposite the spotweld, looking away from the anode.

FIG. 96: X-ray spectrum from selected area 1 in FIG. 95.
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Table 75: Results of elemental analysis of spectrum of FIG. 96 from selected area 1 in FIG.
95.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.00%
0.00%
49.28% 13.69%
5.76%
3.20%
0.72%
0.79%
42.30% 78.14%
1.57%
2.95%
0.00%
0.00%
0.36%
1.22%

(Surface analysis up to a depth of

σin mass
3.15%
1.82%
0.40%
0.81%
5.02%
2.45%
1.90%
0.73%

∼1 µm. The number abundance figures were deduced from the

mass results, as the software had returned negative numbers for the former in all cases but carbon).

Table 76: Analysis of spectrum of FIG. 96, from selected area 1 in FIG. 95, for the metallic
elements. An actual separate SEMQuant analysis was conducted for these metallic
elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
1.75%
1.05%
94.24% 94.85%
3.95%
4.02%
0.07%
0.08%
0.00%
0.00%

σin mass
1.01%
4.00%
3.01%
2.33%
0.88%

(Surface analysis up to a depth of ∼1 µm)

208

FIG. 97: X-ray spectrum from selected area 2 in FIG. 95.

Table 77: Results of elemental analysis of spectrum of FIG. 97, from selected area 2 in
FIG. 95.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.00%
0.00%
47.32% 12.68%
5.63%
3.02%
0.00%
0.00%
45.02% 80.22%
1.73%
3.12%
0.00%
0.01%
0.29%
0.95%

σin mass
1.99%
1.55%
0.32%
0.65%
3.90%
2.09%
1.62%
0.63%

(Surface analysis up to a depth of ∼1 µm. The number abundance figures were deduced from the
mass results, as the software had returned negative numbers for the former in all cases but carbon).
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Table 78: Results of analysis of spectrum of FIG. 97, from selected area 2 in FIG. 95, for
the metallic elements. An actual separate SEMQuant analysis was conducted for these
metallic elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.00%
0.00%
95.80% 95.75%
4.04%
4.09%
0.16%
0.17%
0.00%
0.00%

σin mass
0.79%
3.37%
2.51%
1.94%
0.74%

(Surface analysis up to a depth of ∼1 µm)

A region with an oval cleft of axes 28 µm x 7 µm was thought to merit interest. The
region in question is shown in FIG. 98, and was on the convex spotweld side of the
D cathode (looking away from the anode), only 0.2 mm from the lower tip. The
region was in an area covered with the deposit of substance. X-rays were acquired
from 5 different spots.
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FIG. 98: Micrograph of deposit-covered region with small crannies on the (convex)
spotweld side of the D cell cathode, facing the anode. The 5 spots from which X-rays were
acquired are shown.

Spot 1 was on a moderately-depressed area just off the lower entrance of the cleft.
The spectrum from spot 1 is displayed in FIG. 99. The results of the SEMQuant
analysis of this spot 1 are listed in Table 79, for the metallic elements only. When
carbon was included in the analysis SEMQuant returned asterisks for the elemental
abundances because the C peak went off-scale and possibly swamped all the other
signals.
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FIG. 99: X-ray spectrum from spot 1 in FIG. 98.

Table 79: Results of analysis of spectrum of FIG. 99, from spot 1 in FIG. 98, for the metallic
elements. An actual separate SEMQuant analysis was conducted for the metallic elements
only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
53.91% 41.09%
42.72% 54.53%
3.26%
4.22%
0.11%
0.16%
0.00%
0.00%

(Surface analysis up to a depth of

σin mass
2.59%
2.86%
2.56%
2.03%
0.95%

∼1 µm. The Cu signal was probably a systems peak from the

brass stage.)
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Spot 2 was inside the oval cleft. The spectrum from this spot 2 is displayed in FIG.
100. The results of the SEMQuant analysis of this spot 2 are listed in Table 80, for
all the elements, and 81 for the metallic elements only. There was over 1 atom of
Ag for 4 of Pd.
FIG. 100: X-ray spectrum from spot 2 in FIG. 98.

Table 80: Results of elemental analysis of spectrum of FIG. 100, from spot 2 in FIG. 98.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.00%
0.00%
12.68%
2.29%
2.03%
0.73%
11.50%
8.22%
57.23% 68.53%
16.43% 19.94%
0.00%
0.00%
0.13%
0.29%

σin mass
0.30%
0.41%
0.07%
1.02%
1.33%
0.81%
0.65%
0.13%
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(Surface analysis up to a depth of ∼1 µm. The Cu reading was probably a systems peak from the
brass stage. The C result from the software was actually a large negative value so a zero is listed
here in the normalized table)
Table 81: Results of analysis of spectrum of FIG. 100, from spot 2 in FIG. 98, for the
metallic elements. An actual separate SEMQuant analysis was conducted for the metallic
elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
13.64%
8.59%
67.03% 70.73%
19.33% 20.68%
0.00%
0.00%
0.00%
0.00%

σin mass
1.07%
1.27%
0.83%
0.66%
0.12%

(Surface analysis up to a depth of ∼1 µm. The Cu reading was probably a systems peak from the
brass stage.)

Spot 3 in FIG. 98 was on a little ridge-like elevation just off the entrance of the
oval cleft. The spectrum from this spot 3 is displayed in FIG. 101. The results of
the SEMQuant analysis of this spot 3 are listed in Table 82, for all the elements,
and 83, for the metallic elements only. The number abundance of Ag was
4.63±1.81% compared with 53.55±2.14% for Pd, ignoring the non-metallic
elements.
There was over 1 atom of Ag for 12 of Pd.
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FIG. 101: X-ray spectrum from spot 3 in FIG. 98.

Table 82: Results of elemental analysis of spectrum of FIG. 101, from spot 3 in FIG. 98.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.00%
0.00%
69.30% 30.45%
3.86%
3.39%
10.95% 19.11%
14.28% 41.74%
1.14%
3.38%
0.26%
0.79%
0.21%
1.13%

(Surface analysis up to a depth of

σin mass
14.97%
4.82%
0.64%
3.17%
7.05%
1.40%
1.15%
0.57%

∼1 µm. The Cu signal was probably a systems peak from the

brass stage. The software actually returned asterisks for the C mass concentration and negative
values for the number concentrations of the other elements, so the number abundance values were
inferred indirectly from the mass abundance results)

215

Table 83: Results of analysis of spectrum of FIG. 101, from spot 3 in FIG. 98, for the
metallic elements. An actual separate SEMQuant analysis was conducted for the metallic
elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
40.59% 28.94%
53.55% 63.91%
4.63%
5.60%
1.23%
1.55%
0.00%
0.00%

(Surface analysis up to a depth of

σin mass
1.84%
2.55%
2.19%
1.76%
0.86%

∼1 µm. The Cu signal was probably a systems peak from the

brass stage.)

Spot 4 in FIG. 98 was on a little depression. The spectrum from this spot 4 is
displayed in FIG. 102. The results of the SEMQuant analysis of this spot 4 are
listed in Table 84, for all the elements, and 85, for the metallic elements only. The
number abundance of Ag was 16.37±0.81% compared with 73.87±1.17% for Pd,
ignoring the non-metallic elements.
There was over 1 atom of Ag for 5 of Pd.
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FIG. 102: X-ray spectrum from spot 4 in FIG. 98.

Table 84: Results of elemental analysis of spectrum of FIG. 102, from spot 4 in FIG. 98.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.00%
0.00%
27.21%
5.69%
3.92%
1.64%
6.60%
5.48%
50.82% 70.67%
11.14% 15.71%
0.00%
0.00%
0.32%
0.81%

(Surface analysis up to a depth of

σin mass
0.53%
0.60%
0.10%
0.76%
1.37%
0.80%
0.69%
0.21%

∼1 µm. The software actually returned asterisks for the Pd

number concentration and a negative number for the mass abundance of C: the listed number
abundance results were derived from the mass results of the software)
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Table 85: Results of analysis of spectrum of FIG. 102, from spot 4 in FIG. 98, for the
metallic elements.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
9.77%
6.05%
73.87% 76.71%
16.37% 17.23%
0.00%
0.00%
0.00%
0.00%

σin mass
0.84%
1.22%
0.86%
0.74%
0.21%

(Surface analysis up to a depth of ∼1 µm. The Cu signal was a systems peak from the brass stage.)

Spot 5 in FIG. 98 was on a point of medium elevation. The spectrum from spot 5 is
displayed in FIG. 103. The results of the SEMQuant analysis of this spot 5 are
listed in Table 86, for all the elements, and 87, for the metallic elements only.
The number abundance of Ag was 7.55±1.59% compared with 70.55±2.21% for
the abundance of Pd, ignoring the non-metallic elements.
There was over 1 atom of Ag for 10 of Pd.
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FIG. 103: X-ray spectrum from spot 5 in FIG. 98.

Table 86: Results of elemental analysis of spectrum of FIG. 103, from spot 5 in FIG. 98.
In number
C
O
S
Cu
Pd
Ag
Cd
Pt

of atoms In mass
0.00%
0.00%
23.86%
5.06%
4.48%
1.90%
15.38% 12.96%
50.44% 71.14%
5.31%
7.60%
0.00%
0.00%
0.52%
1.34%

σin mass
2.01%
1.47%
0.24%
1.45%
3.37%
1.62%
1.35%
0.54%

(Surface analysis up to a depth of ∼1 µm. The small Cu reading was probably a systems peak from
the brass stage. The software returned a negative value for the C mass abundance, and negative
values for all the number elemental abundances except for C; the listed number abundances were
deduced from the software results for the mass abundances)
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Table 87: Results of analysis of spectrum of FIG. 103, from spot 5 in FIG. 98, for the
metallic elements. An actual separate SEMQuant analysis was conducted for the metallic
elements only.
In number
Cu
Pd
Ag
Cd
Pt

of atoms In mass
21.89% 14.32%
70.55% 77.29%
7.55%
8.39%
0.00%
0.00%
0.00%
0.00%

σin mass
1.57%
2.42%
1.77%
1.46%
0.56%

(Surface analysis up to a depth of ∼1 µm. The Cu signal was a systems peak from the brass stage.)
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